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ABSTRACT 
 
 Assessing the sustainability of nanomanufacturing products and processes has been difficult to 
achieve using conventional approaches mainly due to an inadequate inventory, large process-to-process 
variation, and a dearth of relevant toxicology data for nanomaterials. Since these issues are long term in 
nature, it is required to create hybrid methodologies that can work towards filling the existing gaps. Merging 
thermodynamic techniques such as the exergy analysis with environmental assessments can help make 
better, more informed choices while providing an opportunity for process improvement by enabling to 
correctly quantify efficiency loss through the waste stream, and by locating the exact areas for 
improvement. A preliminary technique that utilizes environmental assessment feedback during the process 
design along with an exergy analysis is presented. As a test case, an environmental assessment aided by an 
exergy analysis was carried out on the electrospinning process for producing polyvinylidene fluoride 
nanofibers. The areas of greatest concern, both from an environmental as well as a thermodynamic point of 
view, have been found to be the high energy consumption and the complete loss of solvent during the 
process of electrospinning. Interestingly, exergy consumption is significantly higher for fibers with a 
smaller (<100nm) diameter. The slow production rate has been identified as the most significant obstacle 
to the industrial upscaling of the production of PVDF nanofibers. Based on the results, a set of generic 
principles for carrying out improvement analysis for nanomanufacturing processes has also been presented.
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CHAPTER 1: INTRODUCTION AND MOTIVATION 
 
1.1. Future of Nanotechnology Products 
Nanotechnology enhanced products that are based largely on nanomaterials are expected to find a 
definitive role in an average consumer’s life during the next decade. The diverse and favorable properties 
of nanomaterials make them suitable for a plethora of applications in a vast array of fields such as 
engineering, medicine, construction and cosmetics. Nanotechnology is helping to introduce remarkable 
innovation to common household devices and instruments. Lightweight cellphones with flexible screens 
that may take a year to discharge are not a distant goal, rather a realistic idea that is expected to materialize 
in the next few years [1]. Similarly, tiny energy scavenging devices that utilize piezoelectric nanomaterials 
have been predicted to contribute considerably to the global power generation in near future [2]. It has been 
estimated that the global market of products incorporating nanotechnology is set to increase by at least 2 
trillion dollars by 2018 setting the total value of the market to be around 3.3 trillion dollars [3].  
 
1.2. Motivation for Research 
Modern engineering paradigm is being constructed on the principles of sustainability. It is now 
desired that any product that is expected to be available to the consumers, and all industrial processes 
leading up to its production, undergo some form of sustainability testing before the product hits the market. 
This has resulted in the development of standardized generic models, techniques and methodologies which 
can be utilized to conduct sustainability assessments of a wide variety of products and processes. For this 
purpose, the most commonly used and vastly accepted technique is called Life Cycle Assessment (LCA). 
This cradle-to-grave technique, inherently comparative in nature, is commonly used to quantify and 
compare the environmental impact of two similar products from the point of acquisition of raw materials
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to their final disposal. It is also frequently used in scenarios where a product may be manufactured by using 
dissimilar processes or raw materials, hence indicating the more environment friendly route to achieve a 
manufacturing goal. This tool has been thoroughly revised and developed in the last few decades and has 
been applied to a wide variety of products and processes.  
 While nanomaterials are proving to be particularly useful, the realization about the environmental 
impact that might be associated with their production and usage is fast coming into focus. Pilot studies have 
pointed out that the embodied energy of nanomaterials is usually higher than their conventional 
counterparts. For example, titanium dioxide experiences a multifold increase in its embodied energy when 
converted to nanoparticles. Similarly, carbon nanotubes and carbon nanofibers have been shown to take a 
much greater toll on the environment than a mainstream carbon product such as graphite. Thus, it is 
anticipated that the accompanying environmental impact due to resource consumption may be high [4-6].  
Moreover, the effect of small nanoparticles on the health of living beings is also the subject of a small 
number of studies [7, 8]. These studies have motivated other researchers to investigate the sustainability of 
several popular nanomaterials.  
 Although major conventional assessment techniques, such as life cycle assessment (LCA) and 
design for environment (DfE), that measure ‘environmental friendliness’ of a product have been developed 
to a great extent, their application to nanotechnology products has proven to be problematic [9, 10]. 
According to literature, this is primarily due to three reasons [11]. Most importantly, there is a lack of 
reliable input and output inventory data and consequently, impact relationships are harder to build. Serious 
efforts to improve the input and output inventory data for nanomanufacturing processes are being made but 
this task is tedious and difficult to complete in a short time. Therefore, gross assumptions have to be made 
regarding processing data while conducting assessments. To break down a process in chemical terms is the 
relatively easier part; the difficulty being the collection of data for process efficiencies and quantifying loss 
through the waste stream. Secondly, methods of manufacturing nanomaterials and nanoparticles have not 
been standardized to a great degree. Hence, there exists a major process-to-process variation which means 
that life cycle assessments conducted via dissimilar routes may render highly contradicting results thereby 
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making nanomanufacturing processes hard to improve. Thirdly, there is a grave lack of understanding about 
toxicological effects of nanomaterials. For instance, it has been reported that particles of a size smaller than 
10 nm can penetrate the walls of human cells [12, 13].  This implies that nanoparticles of a seemingly safe 
material may prove to be hazardous to humans because of their small size. A conventional life cycle 
assessment might fail to point this out; making the results irrelevant and incorrect. A fourth problem that is 
not exclusive to nanotechnology is the fact that most conventional models and methods do not cater to 
natural resource depletion in general; instead only considering fossil fuel consumption as an indicator of 
resource depletion. For instance, an energy based environmental LCA of a process consuming lithium may 
help to identify the ill-effects of lithium usage and disposal on the environment, but would not point out the 
depletion of natural reserves of lithium on the planet.  
The above mentioned nuances have motivated researchers and scientists to work towards building 
better, more adaptable and sturdier techniques to assess emerging technologies from a sustainability point 
of view [9]. Such assessment techniques would provide critical insight required for meaningful policy 
making. Many of these efforts revolve around using two or more techniques together and juxtaposing the 
results since every technique has its own strengths and weaknesses and each may contribute individually 
to provide a better insight into the process under scrutiny. It has been proposed that by accompanying an 
LCA with a thermodynamic analysis, the results could be made more useful [10, 14]. The research 
conducted in the course of this thesis is also motivated by the same idea. It is hereby hypothesized that a 
thermodynamic analysis may be used to: 
1) Reinforce the findings of a conventional LCA and verify the choices made by adding the 
perspective of resource depletion.  
2) Allow for process improvement by pointing out areas with major inefficiencies. 
However, it should be stated upfront that currently, no indicator or method can correctly predict 
the toxicity of nanomaterials. Extensive research is being conducted on the effects of nanoparticles on 
human health and unless an agreeable framework is presented, a conservative approach must be applied 
towards nanoparticles [15]. 
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The major goal of this study is to investigate these hypotheses by (a) gauging the environmental 
impact associated with a common nanomanufacturing process i.e. electrospinning of nanofibers by blending 
an environmental assessment method with a thermodynamic technique and (b) drawing out a generic 
framework applicable to common nanomanufacturing processes which helps in dealing with some of the 
problems associated with conducting life cycle assessment of nanotechnology products.  
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CHAPTER 2: BACKGROUND AND LITERATURE REVIEW 
 
2.1. Sustainability  
 Sustainability has many different definitions and interpretations. World Commission on 
Environment and Development defines it as, ‘Sustainable development is development that meets the needs 
of the present without compromising the ability of future generations to meet their own needs. [16]’ Another 
definition by World Business Council on Sustainable Development is, ‘Sustainable development involves 
the simultaneous pursuit of economic prosperity, environmental quality and social equity. [16]’ This 
definition sheds light on the ‘three pillars of sustainability’ namely environmental, economic and social 
sustainability. Any study of sustainable development, regardless of the method or model chosen, is meant 
to provide useful insight into the level of sustainability of a country, a utility, a product or any other system 
under scrutiny while keeping these three pillars in context.  
 Since late 1960s, many different sustainability indicators and models have been proposed. Most of 
these indicators initially utilized energy consumption as a primary indicator of sustainability in one way or 
the other which, according to Ayers, is a ‘careless’ approach [17]. As research provided more cognizance 
about environmental impacts of different material and non-material inputs, the models were modified to 
include a comprehensive list of environmental indicators such as eutrophication, ozone depletion and 
acidification of soil. A simple life cycle assessment conducted in any of the popular life cycle assessment 
software packages now makes use of an elaborate and well established method such as the eco-indicator-
99 or LC-impact to conduct a cradle-to-grave analysis of a product or a service. Before moving on, it is 
important to understand the basics of what a life cycle assessment is and how it is conducted. 
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2.1.1. Life Cycle Assessment 
 As stated before, life cycle assessment is a popular technique used to gauge the environmental 
impact of a product, process or activity throughout its life cycle; starting from the extraction of raw materials 
till the disposal of the final product. There are different types of life cycle assessments, but regardless of 
the type of LCA used, some basic guidelines have to be taken into consideration each time an assessment 
is conducted. These guidelines have been standardized and adopted by various environmental protection 
agencies and governments around the world such as the Environmental Protection Agency (EPA) in the 
United States. The guidelines are a part of ISO 14040 and must be followed if a life cycle assessment is 
meant to be shared publicly [18].  The four basic components of a life cycle assessment are:  
1) Goal and Scope Definition 
2) Life Cycle Inventory Assessment 
3) Life Cycle Impact Assessment 
4) Interpretation of Results 
In the first step, the objectives of the analysis are clearly defined. What is it that this analysis is 
meant to achieve? What is the primary question that this analysis attempts to answer? These questions are 
to be clearly answered preferably in a way that is easily understood by an unspecialized person. This is 
followed by the definition of boundaries for the analysis. The boundaries are decided based on logical 
reasoning and requirement. One of the most important steps is to define the functional unit. Functional unit 
quantitatively defines how two systems with outputs that are similar in nature may be compared in terms 
of their environmental impacts. The type of environmental impacts intended to be assessed should also be 
decided. Any constraints or major assumptions about the analysis should be stated clearly. The second step 
involves identifying and quantifying all the material and non-material inputs as well as the emissions for 
the entire process depending on the selected boundary. Thirdly, the environmental impacts associated with 
the emissions and resource consumption are estimated. It is critical to use a standardized methodology and 
state the choice clearly. In most cases, it is also a good option to justify the choice made. The fourth and 
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the final step is to interpret the results in context of the scope of the assessment and provide conclusions 
and recommendations.   
There are three classical types of life cycle assessment: Bottom-up process based assessment, 
streamlined assessment and economic input-output assessment. A detailed description of each is out of the 
scope of this document. Therefore, only short descriptions would be provided as a pretext to the objective 
of the research.  
 Bottom-up process based assessment is done by starting the analysis at the bottom of the supply 
chain and then moving upwards till the disposal of the produced good. There are several variations of this 
type of assessment including cradle to grave, cradle to cradle, cradle to gate and gate to gate assessments. 
Although preferable, it is sometimes either difficult or unnecessary to choose the start point to be acquisition 
of minerals from earth. This makes a gate-to-gate assessment particularly useful. Most thorough and 
standardized assessments, on the other hand, are cradle-to-grave assessments which start at the acquisition 
of raw materials from nature and end at the disposal of the final product.  
 In cases where a thorough analysis is considered to be uncalled for, a streamlined life cycle 
assessment is usually conducted. This significantly reduces the cost, time and effort required to conduct a 
life cycle assessment. Streamlined life cycle analysis is done by recognizing the most significant 
inputs/outputs and identifying the key environmental impacts [19]. The results of a streamlined life cycle 
assessment are crude and often not publishable, however, it is used privately by firms to classify the aspects 
of a process which create the greatest impact and aid internal decision making.  
 Economic input-output analysis is a top-down approach which utilizes monetary transactions 
between economic sectors instead of material/energy flows to canvas the relationships between processes 
carried out in different sectors in order to produce a good. The resource consumption and emissions from 
each sector are identified and accumulated to find the total resource requirement and associated 
environmental impact of the final product. A special attribute of economic input-output assessment is that 
it allows us to analyze a virtually infinite depth of the supply chain. In contrast to other techniques where 
the analysis is truncated where the material flows become insignificant, the economic input-output model 
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can continue tracing a circular supply chain on the basis of monetary exchanges between sectors. This type 
of analysis is particularly useful while undertaking a major industrial project such as the construction of a 
water dam.  
 
2.1.2. Thermodynamic Analysis 
As the scientific community strives to resolve the issues faced in conducting LCAs of emerging 
technologies, new approaches and tools have surfaced. Scientists unanimously agree that in the present 
complex technological paradigm, no single metric or method is capable of truly capturing all the aspects of 
sustainability. One emerging trend is to try and integrate different analysis techniques to overcome the 
individual shortcomings of the conventional methods based on energy and matter flows. In the recent past, 
attempts have been made to merge thermodynamics with conventional environmental performance 
techniques such as risk assessment (RA) and life cycle assessment (LCA). Thermodynamics is the science 
of dealing with the phenomenon of physical/chemical equilibrium and the extraction of work from a system 
through equilibration processes. From a sustainability point of view, this presents a way to measure resource 
consumption by calculating the flow of material and non-material streams through a system and then 
associating it to an environmental impact. The resource consumption, both in terms of energy and materials 
can be traced back to natural resources such as mineral ores and fossil fuel deposits. The degradation of 
mineral ores and depletion of fossil fuels can serve as a direct indicator of environmental degradation. The 
findings of a thermodynamic analysis can be abetted by a purely environmental analysis focusing on the 
toxicological effects, global warming and other environmental indicators.  
There are two different ways in which thermodynamic analysis may find a role in sustainability. 
The first approach is the energy analysis of a process. This approach has been in use since the early 20th 
century for process optimization. It was much later that attempts were made to link the sustainability of a 
process to it being carried out at optimum conditions. The second method is to analyze a process on the 
basis of exergy consumption. Exergy is defined as the maximum work that can be done by or on a system, 
without constraining any variable, at a given environment [20]. It qualifies the “usefulness” of energy by 
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quantifying the part of energy that can be used to produce work. Rooted in the findings of Nicolas Léonard 
Sadi Carnot and Josiah Willard Gibbs, it utilizes the concept of entropy to suggest that some part of energy 
is permanently and inadvertently lost in the environment during any given process. This loss, although 
physical and practical in nature, is not catered to in the first law of thermodynamics since the first law does 
not concern itself with the ‘quality’ of energy. For example, a virtual reservoir of water heated by an 
imaginary electrical system with 100% efficiency will be coherent with the energy balance created by using 
the first law of thermodynamics; however, the second law suggests that the heated reservoir is of little use 
in terms of its ability to do work compared to the electrical energy consumed by the heater. This owes itself 
to the fact that heat represents the poorest form of energy as opposed to the electrical energy which is energy 
of the highest quality.  
 
2.2. Literature Review 
The concept of exergy has been around since a long time. As it was realized that the energy balance 
created by the first law of thermodynamics provided severely misleading results in some cases, the concept 
of ‘useful’ and ‘non-useful’ energy followed soon after. In the later part of the 19th century, cousin concepts 
such as the Gibbs free energy and Helmholtz free energy were defined. These concepts, although useful in 
certain set fields such as chemistry, fail to accurately quantify the usefulness of a system’s energy due to 
restraint of environment variables such as pressure and temperature. In 1955, a Slovenian engineer named 
Zoran Rant first coined the term ‘exergy’ but did not clearly define it [21]. The first reputable definition 
was provided by H. D. Baehr in 1965 which was, ‘Exergy is that part of energy that is convertible to all 
other forms of energy’ [22]. This definition is general and does not explain if the same concept is 
expandable to matter. This is probably why the first attempts at using exergy analysis were mainly restricted 
to energy. During the late 1960s, amidst the roars of ‘conservation’, there was some effort to quantify useful 
and non-useful components of energy and calculate energy efficiency for different sectors of the US 
economy.  Joint Committee of the Atomic Energy of the US Congress provided estimates for the usefulness 
of energy for different sectors such the electric power sector, manufacturing sector and transport sector 
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[23]. The estimates were not based on any concrete scientific methods and models and thus were of little 
value. An overall figure of around 50% efficiency for all the sectors combined was presented. In 1974, a 
much more serious effort was made by the American Physical Society which became the first study to 
clarify methods to calculate exergetic efficiency of many common processes and devices such as heat 
pumps and refrigerators [24]. This study used exergy as being synonymous to ‘available work’ which was 
regarded as being ‘quite appropriate’ by scientists later. It was found that in most sectors of the economy, 
the current mix of services could be provided just by 2.5% of the exergy being currently used. This pointed 
out an opportunity for a multi-fold betterment in conservation in comparison to the previous study. 
Even at this point in the summer of 1974, exergy was not being used as a quality measure for non-
fuel resources. The first methodical attempt to do this followed three years later in 1977 when exergy 
analysis of the socio-economic structure of Sweden was done [25]. Exergy was presented, for the first time, 
as the ultimate resource which travels from sun to the earth and is consumed by every species, activity and 
process. The issue was raised about the lack of clarity in the different units used for quantifying useful 
energy and methods of calculating energy conversion efficiencies for various processes.  A clear distinction 
between energy and exergy efficiencies was made and although a clear methodology to calculate the exergy 
of material inputs was derived and presented, no sophisticated attempt was made to incorporate exergy of 
non-fuel materials in the study. Regardless of this fact, this study set a good stepping stone for using exergy 
for resource accounting on a national basis and was soon followed by similar studies in other countries such 
as Canada and Brazil [26, 27].  
At this point, the concept of exergy was well developed and details of methods of calculating exergy 
efficiency for various processes and activities were available. The only issue was the lack of agreement and 
standardization of the techniques which needed to be applied. The concept of chemical exergy of material 
flows was also a matter of dubiety. This was dealt with by Jan Szargut et al., who in 1985, published the 
method of calculating chemical exergy of materials along with standard chemical exergy values for several 
elements and their compounds. In 1987, the same group introduced a more concrete method for exergy 
analysis than simply calculating the exergetic efficiency [28]. This method, called the Cumulative Exergy 
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Consumption (CExC) method, was derived from the concept of Cumulative Energy Consumption (CEnC) 
method. The authors defined Cumulative Exergy Consumption as the total consumption of the exergy of 
natural resources required to produce a product which appears in all the links of the network of production 
processes. A book published by Jan Szargut in the following year titled, ‘Exergy analysis of thermal, 
chemical and metallurgical processes’ not only presented clear definitions of exergy and its different types 
along with methods to calculate each, but also explained vividly how the presented methods should be 
applied to common industrial processes and activities [29]. This book was widely read and used extensively 
to calculate the exergetic efficiencies of industrial systems.  
By this time, exergy had already been established as a concrete concept to measure thermodynamic 
efficiencies of various processes and systems and was being widely used as a tool for resource accounting. 
In the early 90s, first attempts were made to link the concept of exergy to sustainability. This was based on 
the idea that since exergy is a good indicator of resource consumption trends in a society, resource 
degradation in nature and thermodynamic inefficiency of systems, it can be used as an indicator of 
sustainability. This idea was thoroughly debated which led some researchers to conclude, in 1994, that the 
link between exergy and sustainability was real but indirect. They, however, also stated that exergy loss 
can serve only as a qualitative measure of environmental degradation [30].  
The first effort to integrate the use of exergy analysis for resource and waste accounting with life 
cycle assessment was made by Ayers et al. in 96/97 [20]. The authors presented the first framework that 
used thermodynamics to conduct a life cycle assessment by using exergy as a measure of resource stocks 
and flows, and as a measure of waste emissions and potential for causing environmental harm. They argued 
for exergy as the only measure of quantifying the potential of work embodied in a material. From an 
economist’s point of view, there are four factors that govern any production system: capital (K), labor (L), 
energy (E) and materials (M). Ayers et al. proposed that the last two factors, E and M, can be combined 
and represented by a single quantity: exergy [17]. Thus, superiority of exergy over conventional indicators 
such as energy and matter was implied. Three major advantages of using exergy analysis over using energy 
and mass separately for life cycle assessment were pointed out. The first one was that exergy analysis has 
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the ability to provide localized insight into a process and point out the areas which have the greatest exergy 
leakages, or degradation of energy, and thus presents an opportunity for improvement. Secondly, exergy 
provides a common measure catering to all the different kinds of inputs and outputs, therefore gives an 
opportunity to compare ‘apples to oranges’. Thirdly, it was pointed out that an intricate and complex report 
containing non-comparable emissions is meaningless for most readers. The use of a common measure such 
as exergy along with the balanced set of inputs and outputs for a given process might prove to be more 
useful in this regard. Ayers also suggested that although farfetched, the idea of linking toxicological impacts 
of a process to its waste stream might prove to be a better indicator of eco-toxicity than energy and mass. 
This study also takes this observation into account and hypothesizes that since exact toxicological data of 
some nanoparticles is not available, by reducing the exergy of the waste stream to zero, this impact can 
potentially be minimized. This idea will be discussed later with the results. 
In 2004, Bhavik Bakshi et al. expanded the concept of cumulative exergy system to ecosystem 
products and services [31]. While pointing out the major difficulties in conducting life cycle assessment of 
the emerging technologies, the authors proposed the Ecological Cumulative Exergy Consumption method 
which they deemed to be more useful than the Industrial Cumulative Exergy Method (ICExC). The authors 
argued that the ICExC assumes that the exergy and cumulative exergy of natural resource inputs are the 
same whereas, in fact, they are not since different natural resources are made available through various 
ecological processes wherein, like every other irreversible process, exergy is destroyed. This variation in 
thermodynamic efficiencies is not taken into account by the ICExC method thus limiting its ability to 
distinguish between different natural resources. Thus, by merging Odum’s concept of emergy with 
Cumulative Exergy Consumption, the exergy content of natural resources can be better quantified by 
linking it to a single source of exergy, for example, solar exergy. The concept of emergy had already been 
strongly rebutted by Ayers in the past [32]. Beside other criticism such as  pointing out that emergy ignored 
key aspects like supply and demand and geological timescale to acquire resources from the sun, he argued 
that it is an extremely difficult task, if not impossible, to discover how much of any one form of energy 
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might have been needed to produce another in the distant past [32]. The concept of emergy has since been 
on the back burner as an indicator of sustainability. 
Due to the challenges faced while conducting life cycle assessments for nanotechnology products, 
it received little attention from the researchers till early 2000s. The first attempts were made by Lloyd and 
Lave who conducted Economic Input-Output LCA for automobile parts such as body panels and catalytic 
converters [33]. Osterwlader et al. employed the method of energy consumption to oxide nanoparticle 
production [34]. The trend of using hybrid life cycle assessments for nanotechnology products was 
introduced in the early 2000s by J.A Isaacs et al. Since then, several different studies based on the hybrid 
approach have been done on various nanotechnology processes. Most studies have focused entirely on 
either energy or exergy consumption whereas a few have attempted to use both to compare the results. A 
benchmark study in this regard was done by Geoffrey Grub and Bhavik Bakshi et al who used the 
production of titanium dioxide nanoparticles as a case study and conducted a life cycle assessment [10, 35]. 
Exergy and energy method were exclusively utilized to aid the SimaPro® analysis and the findings were 
compared. It was concluded that a hybrid life cycle assessment using exergy analysis is more useful because 
it allows greater opportunities for process improvement. Opportunities for similar work in the future were 
also discussed. One of the key suggestions was to embed the impact assessment method into the engineering 
design process. Bakshi stated that there is a gap between traditional LCA practices and engineering process 
design and suggested that exergy analysis can be used to bridge this gap. To inculcate direct feedback at 
the development stage of the process chain will provide a great opportunity to assess and correct the entire 
process. The work done in this study is partially based on the recommendations of Bhavik Bakshi et al.  
 Sustainability issues raise a number of questions concerning the relationship between the value of 
a product and the efficiency of the process used to produce it. It is often a very difficult question to answer 
since ‘usefulness’ of a product may be hard to quantify. For example, is it feasible or viable to manufacture 
this product at this cost in terms of finances and resource consumption to attain this “usefulness”?  Energy 
efficiency does not provide meaningful answers to these questions since it is impossible to directly assign 
an energy value to materials, for instance, plastic or rubber. In most industrial processes, these questions 
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are answered using an economic point of view. Does the product have a market? Economic standpoints 
often do not take environmental concerns into consideration. Once a product’s economic feasibility and 
market demand is determined, attempts are made to fit the environmental impacts of its production and 
usage into any set frameworks set by environment production authorities. Exergy analysis can provide 
meaningful insight for industrial decision making since it draws a link between the usefulness of the 
product, the resources consumed to produce it and the economics of its production.   
Optimizing a system’s performance using exergy provides certain advantages over using 
conventional energy analysis. Exergy analysis provides localized insight into a process and points out the 
areas which have the greatest exergy leakages, or degradation of energy, and thus presents an opportunity 
for improvement at a micro level. This improvement can lead to efficient use of resources while helping in 
designing processes and products with minimum exergy leakages. From a sustainability point of view, 
minimizing resource consumption is of great value. Furthermore, in a simple environmental or energy based 
life cycle assessment, the waste stream of a process is purely assessed on the basis of its toxicological 
profile or energy consumption during an elaborate disposal process. However, according to Szargut, exergy 
analysis takes a bigger picture and links the total availability of a resource to its utilization in the process 
and thereby attaches an ecological value to the waste stream. For instance, an energy based environmental 
life cycle assessment would consider the presence of mercury in the waste stream an ecological hazard, but 
in contrast to an exergy based life cycle assessment, it would not have any method of comparing the metal 
lost to the total reserves of the metal.  
 Like any other method, Cumulative Exergy Consumption analysis and exergy analysis have 
shortcomings too. Exergy based methods fail to identify the toxicological and hazardous effects of the 
material streams in the system. Although Ayres’s suggestion of reducing the chemical waste stream to zero 
does make sense from an environmental perspective, it stops far from drawing a direct link between 
environmentally toxic chemicals and exergy analysis. It can be said that a low exergetic efficiency or a very 
high cumulative exergy value would indicate a greater effect on the pristine state of the earth, but it is 
difficult to gauge the difference it would make from a toxicological perspective. For example, fluorine’s 
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cumulative exergy demand is much higher than that of chlorine, but even a small amount of chlorine 
released into the atmosphere can cause greater damage to the environment than a large amount of fluorine.  
 At this point it is important to distinguish between Cumulative Exergy Consumption analysis and 
exergy analysis. Cumulative Exergy Consumption measures and accumulates the total exergy of all the 
processes and materials that are required to produce a certain mass of a product from natural resources such 
as mineral ores, fossil fuels etc. This includes the exergy consumed by the labor, machines, the exergy 
consumed to produce these machines and so on. Although it is a very strong indicator of resource depletion 
and also holds a strong link to economics, it is an extremely tedious task to collect all this information. 
However, it should be pointed out that the goal of a CExC analysis is not to improve a production process 
thermodynamically at a micro level. That is the concern of the exergy analysis which is inherently gate-to-
gate in nature and calculates the difference between exergy entering and leaving a particular system, thus 
calculating the efficiency of the process.   
It can be concluded that an exergy analysis must be accompanied by an environmental life cycle 
assessment. The framework proposed in this study suggests preceding an exergy analysis by a life cycle 
assessment to eliminate or minimize the use of toxic and environmentally hazardous materials. An exergy 
analysis can then be used to locate the areas with greatest exergy leakages and make suggestions on how 
the process may be made more efficient. As an example, the process of electrospinning of polyvinylidene 
nanofibers would be used. A cradle-to-gate environmental life cycle assessment would be done to identify 
the most environmentally friendly processing pathway. This pathway would then be further scrutinized 
through an exergy analysis.  
 
2.3. Objectives 
The research presented in this document is primarily focused on conducting an assessment of the 
environmental impact associated with the production of polyvinylidene fluoride nanofibers. Polyvinylidene 
fluoride, or PVDF nanofibers, were chosen as a test case to develop a rigorous and generic methodology 
which can be extended to not only other types of nanofibers, but also to other nanomaterials. 
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In this study, it is hypothesized that the process route taken to acquire the raw materials used in the 
manufacturing of nanomaterials is of significance and thus, must be included in the scope of any life cycle 
assessment conducted on the nanomaterial itself. For example, in the current study, polyvinylidene fluoride 
serves as the principal raw material to produce PVDF nanofibers. PVDF may be obtained via many different 
routes; all of which may have different life cycle implications due to process-to-process variation. Since 
the embodied energy and the environmental impact of nanomaterials has already been predicted to be high, 
it is important to increase the scope of the assessment to make sure that the raw material is also produced 
in the best possible way. This study makes use of a thorough cradle-to-gate life cycle assessment conducted 
in SimaPro® to point out the best way to produce PVDF nanofibers. Two different methods have been used 
to conduct this life cycle assessment. The first method is the conventional environmental life cycle 
assessment based on the environmental framework set by the EPA. The second method is the cumulative 
exergy demand method developed by Szargut et al. to measure the resource consumption efficiency of the 
process. The results of both these methods are then compared to find out the best possible route to producing 
PVDF nanofibers. An exergy analysis is then conducted to further locate any areas in the process that may 
be improved upon to make the process more efficient and in an attempt to reduce the exergy leakages to a 
minimal. Engineering design recommendations are made on a process level to highlight how the process 
may be improved upon.  
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CHAPTER 3: MATERIALS AND METHODS 
 
 
3.1. Material: Polyvinylidene Fluoride Nanofibers 
Polymeric nanofibers form a primary class of nanomaterials that are being used in the fields of 
medicine, engineering and construction [36]. They are, to be precise, fibers of a polymeric material with 
diameters of less than a 100 nm. However, this is the ideal size and is often not necessary to achieve during 
the production process.  Their applications range from facilitating tissue replacement, wound dressing and 
drug delivery to manufacturing energy scavenging devices, thermally reflective textiles and protective 
coatings for buildings etc. [37, 38]. Simple manufacturing techniques, cheap raw materials and their 
interesting properties make polymeric nanofibers good candidates for widespread industrial use.  
 For this particular study, Polyvinylidene Fluoride (PVDF) nanofibers were chosen. This is 
primarily due to the interesting properties of PVDF and broad functionality of its nanofiber membranes. It 
is a semi-crystalline polymer produced through polymerization of H2C = CF2 monomers. It has the highest 
coefficient of piezoelectricity amongst all the known piezoelectric polymers. Its piezoelectricity is primarily 
due to the polarity in its semi-crystalline structure. Linking two CH2 or two CF2 groups instead of a regular 
[H2C - CF2] link causes a defect to occur [2, 39]. This defect increases the polarity of the polymer and is 
hence desirable for its piezoelectric characteristics. The greater the number of such defects, the more polar 
the PVDF structure becomes. Apart from being piezoelectric in nature, PVDF has other interesting 
properties such as being highly unreactive and chemically stable which makes it the ideal polymer for 
applications involving high acidic, basic and other corrosive environments. Due to this property, it is used 
in the industry for coating pipes, tubes and sheets that carry the risk of exposure to harsh or corrosive 
reagents. It is being increasingly used in metal paints to provide excellent protection to the painted surface 
for a long time. Petronas towers in Malaysia are an example of such use. While being extremely lightweight, 
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PVDF is easily injected, molded and welded which makes is especially useful in the aerospace industry.  
PVDF is lightweight but provides remarkably high toughness and strength. It has a relatively low melting 
temperature of around 170o Celsius which is a slight inhibition to its usage as a sensor in very high 
temperature environments although continuous exposure to temperatures around its melting temperatures 
is excellently weathered without any oxidation. It is also extremely resistant to ultraviolet radiation. 
 It is used in the form of both thin films and nanofibers for piezoelectric applications such as pressure 
sensors, transducers, energy harvesters etc. Thin films are predominantly produced using well known vapor 
deposition techniques. The major shortcoming of using thin films for piezoelectric applications is that the 
films need to be subjected to post-manufacturing poling processes to induce piezoelectric characteristics by 
increasing β-crystalline phase. Electrospun nanofiber membranes do not require such post manufacturing 
processes but are subject to certain other difficulties such as fiber defects which have prevented them from 
replacing thin films on a larger scale [2]. Due to the non-specific affinity of PVDF for amino acids, its 
nanofiber membranes are widely used for western blots of immobilization of proteins [40]. Moreover, a 
significant amount of research is being carried out on its filtration properties with claims of successfully 
detecting and filtering the polio virus from the sewerage water [41, 42].   
 Despite of their extensive utility, literature discussing the sustainability of PVDF nanofibers is 
scarce. Their growing popularity and lack of concrete sustainability data makes PVDF nanofibers an ideal 
case to be analyzed to gauge their environmental impact.  
 
3.2. Electrospinning Process   
 Electrospinning is a relatively simple process which is used to produce polymeric nanofibers from 
a liquid. It can be carried out using simple equipment without the need of coagulation chemistry and higher 
temperatures or pressures [43],  thus suitable from an industrial point of view. The first recorded occurrence 
of this process can be traced back to the late 19th century when C.V Boys first drew fibers out of a liquid 
using an electrical field. By 1960, electrospinning of materials had become a commonly known and widely 
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practiced phenomenon. The first mathematical model for the process was developed in 1969 by Sir 
Geoffrey Ingram Taylor [44].     
 The process equipment consists of three basic components. A syringe pump for the solution, a high 
voltage power supply to create the electric field, and a collector cathode to collect the fibers produced. The 
process should preferably take place in an enclosed environment. An electric field is created between the 
needle of the syringe pump (anode) and the collector (cathode) by applying a sufficiently high voltage. The 
electrostatic force attracts the polymer out of the syringe needle and is balanced by the surface tension. This 
phenomenon results in the formation of a conical shaped droplet often called the Taylor Cone. At this point, 
electrostatic repulsion counteracts the surface tension and the droplet is stretched until a small stream of 
liquid erupts from its surface and travels towards the collector. As the stream of liquid travels through the 
air, the solvent evaporates and solid polymer in the form of fibers is deposited on the collector.  
 
  
Figure 1 – Electrospinning (Public Domain) [45] 
 
  
 There are different types of electrospinning processes but two major types are the conventional far-
field electrospinning and the near-field electrospinning. Near-field electrospinning was developed at the 
Department of Mechanical Engineering at the University of California, Berkeley [46]. This type of 
electrospinning was developed to deposit nanofibers in a continuous and direct method with better control 
over the deposition. In this method the needle to collector distance is reduced to mm range and the voltage 
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is reduced to the order of 1kV. The reduction in the distance increases the electric field and makes the liquid 
jet more stable and controllable, thus allowing for production of membranes with greater uniformity and 
fiber alignment. PVDF nanofibers produced through near-field electrospinning provide better piezoelectric 
properties than the fibers produced through far-field electrospinning.  As opposed to near-field spinning, if 
the collector electrode is placed far away from the tip of the needle, the nanofibers will be deposited in a 
random uneven manner on the collector. This type of electrospinning is referred to as far-field 
electrospinning. 
 The elongation and stretching of the stream during its flight from the syringe to the collector plays 
an important role in inducing piezoelectric properties in the PVDF nanofibers produced. This is one of the 
major advantages of nanofiber membranes over thin films for piezoelectric applications. A major 
disadvantage, on the other hand, is that the membranes are prone to have defects. This is due to the existence 
of a wide range of different process parameters which affect the electrospinning process and influence the 
types of fibers produced. A significant portion of this study was focused on conducting experiments while 
varying the parameters to determine the right set of conditions which produce the best fibers.  
 
3.2.1. Processing Parameters for Electrospinning   
 A thorough literature search revealed the eight process parameters that are hypothesized to have 
the greatest effect on the nanofiber membranes produced. These parameters are the solution concentration, 
gauge of the needle, distance between the collector (cathode) and the syringe needle (anode), voltage of 
electrospinning, spinning time, infusion rate of the solution out of the syringe, molecular weight of the 
polymer, and presence of an additional compound in the solution to assist charging of PVDF. Surface 
tension of the solutions may also play a part in the spinning process but was not directly used as a control 
variable. Rather, surface tension and viscosity measurements were carried out later to A comprehensive 
experimental methodology was developed by Brian Bell which required a total of 64 experimental runs 
using sixteen different solutions. The fibers produced using each set of conditions were then characterized 
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using Scanning Electron Microscope for average fiber diameter, fiber alignment, presence of beading and 
other defects etc.  
 
3.2.2. Experimentation 
 Sixteen different PVDF solutions were prepared and electrospun. The solutions were prepared by 
measuring 1 gram of PVDF at a time and adding acetone and DMF to it. A wide variety of different solvent 
ratios were tried. The solutions are then heated on the hotplate for an hour before being stirred clockwise 
and anticlockwise for 10 seconds each. The solutions are then placed again on the hotplate for another hour 
before being taken off and rested for 22 hours before being electrospun. This is done to promote 
homogeneity. 
 
 
Figure 2 – PVDF solutions prepared for electrospinning. 
 
 
 Once the solutions had been prepared, they were electrospun by being fed into syringes. The 
equipment for electrospinning consists of a Harvard PHD2000 pump used to pump the solution out of the 
syringe, a high voltage power supply to create the electric field and a collector sheathed by aluminum foil 
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to collect the fibers. A WattsUp Pro watt meter was also used to measure the electric power consumed 
during the process of electrospinning. The exact procedure is as follows: 
1) Fill the syringe with the solution and load the syringe into the pump while the power supply and 
the syringe pump are both powered off.  
2) Place the collector in front of the syringe at the desired distance, connect the anode of the power 
supply to the metallic needle of the syringe and the cathode to the collector.  
3) Make sure the tip of the needle is not clogged with the solution.  
4) Turn on the pump and set the infusion rate followed by setting the voltage on the power supply. 
5) Turn on the pump followed by turning on the power supply. DO NOT touch the metallic collector 
or the needle while the power supply is still on.  
6) Take the reading on the watt meter.  
7) When it is desired to retrieve the fiber membrane, first stop the power supply followed by turning 
it off. 
 
 
 
 
Figure 3 – Electrospinning equipment showing the power supply (1), the syringe pump (2), the metal 
collector (3) and the watt meter (4).  
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Figure 4 – An example of fiber membranes produced by electrospinning. 
 
 
The fibers were characterized for average diameter, alignment and presence of defects. A score of 1 to 5 
was given to fiber membranes produced by all runs in these three categories. Finally, two runs were chosen 
based on three major factors: 
1) Fibers produced must be defect free with minimum variation in fiber diameter. 
2) The chosen fibers must have one high molecular and one low molecular mass to identify the 
difference in the analysis if it exists. 
3) There should be a considerable difference in the average fiber diameter of the chosen membranes 
so as to highlight the difference in the analysis and attempt to link the analysis to functionality.  
Based on the results of characterization, two set of processing conditions were selected as the basis 
for the analysis.  They are listed in the table below. 
Table 1 – Processing parameters that produced the desired fiber membranes 
PVDF(g) Mol. Wt Voltage 
(kV) 
Dist. 
(cm) 
Needle 
Gauge 
DMF(ml) Acetone(ml) 
Inf. Rate 
(ul/min) 
1 180,000 20 25 22 4.96 1.24 5 
1 530,000 15 25 18 2.815 2.815 50 
 
1 cm 
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Figures (5) and (6) show SEM images of fibers produced by the low molecular weight and high 
molecular weight solutions, respectively. The fibers appear to have minimum defects. The average fiber 
diameter was measured to be 109.5 nm for low molecular solution whereas the fibers produced by high 
molecular solutions had an average diameter of 3170 nm. Standard deviation in the fiber diameter was 47 
nm and 1650 nm for the low molecular weight fibers and high molecular weight fibers, respectively.   
 
 
Figure 5 - Scanning Electron Microscope images of a PVDF nanofiber membrane with a molecular 
weight of 180,000 
 
  
Figure 6- Scanning Electron Microscope images of a PVDF nanofiber membrane with a molecular weight 
of 530,000  
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 All the runs were repeated to reduce error and increase reliability. While repeating the results, 
viscosity and surface tension measurements were also done in an attempt to figure out if a link between 
surface tension or viscosity and energy consumed during spinning exists.  
 
      
Figure 7 – Fungilab viscometer and Sigma 701 tensiometer used to measure viscosity and surface tension 
of the solutions. 
  
The viscosity and surface tension data for the two solutions is presented in the table below. 
 
Table 2 – Viscosity and surface tension values for the solutions chosen for the analysis. 
Solution Number Molecular Weight Wt% Surface Tension (N/m) Viscosity (cP) 
1 180,000 15 31.64 96.8 
2 530,000 17 32.6 >10,000 
 
 As mentioned earlier, power consumed during the entire process, starting from the preparation of 
the solution till its spinning, was measured. The hotplate used to heat the solutions initially consumes an 
average of 600 watts for 13 seconds before reaching the temperature of 100o Celsius after which it only 
consumes an average of 4 watts to maintain its temperature. Each solution was heated for 2 hours on the 
hotplate. This sums up as nearly 0.009 kWh for the complete two hours. It should be noted here that the 
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energy consumption of the heater, i.e. 32.4 kJ, could potentially be a very misleading value while 
approximating the energy consumed to heat a solution of 1 kg of PVDF. This is because it is generally used 
in the lab to heat a maximum of 8 grams (8 solutions) at a time due to the limited surface area of its hotplate. 
A rather rough method of approximating the energy consumed to heat 1 kg of PVDF is to draw a link 
between surface area and the maximum mass of PVDF it can possibly heat at a time. If it is assumed that a 
maximum of 8 solutions can be heated simultaneously, it would take 125 times the surface area for the 
hotplate to heat 1 kg of PVDF in a similar fashion. Thus, the energy consumption can be multiplied by 125 
to approximate the energy consumed during the heating process.    
The power consumed by the power supply and the pump was measured both in idle state and when 
operating. Power supply was found to consume an average of 28.7 Watts when idle. During spinning, the 
power consumed was 30.8 W and 32.7 W while operating at 15 kV and 20kV, respectively. Syringe pump 
was found to consume 5.4 W when idle and 25.4 W when operating. Interestingly, the power consumed by 
the syringe pump was not found to be changing while operating at different infusion rates. Also, a very 
small change was observed for the pump when spinning two very different solutions in terms of their 
respective viscosities. Surprisingly, the pump was found to be consuming 25.6 W while spinning the less 
viscous solutions as compared to 25.4 W for the one with the greater viscosity. This difference, however, 
was so small that it was neglected in the final calculations.  
A very important point is that it is generally not possible to spin less viscous and low concentration 
solutions at a high infusion rate due to the phenomenon of electrospraying. Electrospraying is said to occur 
when small droplets of the solution are directly ejected from the syringe and get deposited on the collector. 
Consequently, it would take longer for a less viscous solution to produce fibers of any given mass as 
compared to a more viscous solution. The mass basis used for this entire study is 1 kg of PVDF nanofibers. 
Thus, although the power consumed by the equipment during electrospinning was found to be the same for 
both solutions, the total power consumed to produce 1 kilogram of nanofibers is very different since the 
ideal infusion rate for the low molecular (less viscous) solution is 5ul/min whereas the other solution was 
electrospun at 50 ul/min. The total volume per gram of the low molecular solution was 6.2 ml whereas the 
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volume of high molecular solution was 5.63 ml. This puts the time taken to produce 1 gram of low molecular 
solution at around 20.67 hours. The time taken to produce the same mass of high molecular weight fibers 
is 1.87 hours. The power consumed by each solution in kWh to produce 1 kg of nanofibers can thus be 
calculated to be 107.8 kWh and 1186.5 kWh, respectively. The power consumption for both the solutions 
is summed up in the table below. 
Table 3 – Power consumed by the equipment to produce 1 kg of PVDF nanofibers 
Solution 
Number 
Mol/ Weight Wt% Surface Tension (N/m) Viscosity (cP) Heater 
(kWh) 
Spinning 
(kWh) 
1 180,000 15 31.64 96.8 1.125 1186.5 
2 530,000 17 32.6 >10,000 1.125 107.8 
 
 
 
3.3. SimaPro® Analysis 
SimaPro® is a software package that aids in collecting, analyzing and monitoring environmental 
performance of a wide variety of products and services. This tool utilizes the life cycle inventory of the 
comprehensive and reliable ‘ecoinvent®’ database. Ecoinvent® association is currently the provider of the 
largest life cycle inventory database compiled by world renowned scientists and researchers using rigorous 
scientific methods and data collection strategies [47]. It allows the user to model a product or a service and 
gauge the environmental impacts associated with its production, usage, and disposal/recycling. This study 
also utilizes SimaPro® 7.2.4 to conduct a process-scale comparative life cycle analysis of the production 
of Polyvinylidene nanofibers.  
 
3.3.1. Goal and Scope 
 The major objectives of this analysis include assessing and comparing the environmental impact of 
the production of polyvinylidene nanofibers via two different processing routes while pointing out the parts 
of the processes that contribute the most to the environmental impact. The analysis would inherently be a 
cradle-to-gate analysis; starting with the synthesis of polyvinylidene fluoride and culminating with the 
process of electrospinning nanofibers. By comparing the two process routes, the more environment friendly 
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raw materials and manufacturing processes would be chosen to construct an environmentally ideal process. 
This process would then be subjected to an exergy analysis. The functional unit is chosen to be 1kg of 
PVDF nanofibers. The functionality of the fibers produced and the end of life scenario is out of the context 
for this study.  
 
3.3.2. Life Cycle Inventory Analysis 
 For the two different processing routes, it was required to build separate life cycle inventories and 
quantify all material and non-material flows. The principal differences between the two routes are, (a) the 
process used to manufacture the PVDF polymer itself and (b) the processing parameters used for 
electrospinning. Once the polymer is manufactured, a solution is made by addition of solvents which are 
then electrospun to obtain nanofibers. Options like replacing the solvents with more environmental friendly 
alternatives or not using any solvent at all might provide another dimension to the analysis but have not 
been made a part of the present study. These options and the prospects of using them have been discussed 
in the discussion section from an energy demand perspective. These inventories described here have been 
built using an extensive literature search.  
3.3.2.1. Route1: Synthesis of PVDF via R-132b  
 The first route to synthesize polyvinylidene fluoride is via pyrolysis of 1, 2-dichloro-1, 1-
difluoroethane in the presence of hydrogen at 848 K or 575 oC. This route was proposed by chemical 
industry giant Arkema in 2013 [48]. This HCFC is a common refrigerant and is also referred to as R-132b. 
Since the ban on the production and usage of chlorodifluoroethane (R-22) under the Montreal Protocol, R-
132b has been proposed as a possible replacement due to lesser potential for ozone-depletion and global 
warming while providing fairly similar refrigeration properties. The principal inputs for this process are 1, 
2-dichloro-1, 1-difluoroethane and hydrogen gas. They are heated together in absence of oxygen to form 
vinylidene fluoride and hydrogen chloride gases. Only one-fourth of the hydrogen gas used takes part in 
the reaction while three-fourth of the gas is passed on with the product mixture. A balanced chemical 
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equation based on the processing conditions and reported yield has to be developed to calculate the exact 
amount of each raw material required to produce 1kg of polyvinylidene fluoride. The equation is: 
 𝐶2𝐻2𝐶𝑙2𝐹2 +  𝐻2 →   𝐶2𝐻2𝐹2 + 2𝐻𝐶𝑙 (848° 𝐾) (1) 
 The patent reports a 97% conversion rate of C2H2Cl2F2 to C2H2F2 and states that the ratio between 
R-132b and hydrogen gas should preferably be 1:4 to achieve this yield. Hence, to produce 1kg of 
vinylidene fluoride gas at a conversion rate of 97%, the number of moles required of R-132b and hydrogen 
are 16.08 and 64.32, respectively. This equates to 2169 grams of R-132b and 32 grams of hydrogen gas. 
The outputs would consist of 1000 grams of vinylidene fluoride, 1172 grams of hydrogen chloride as well 
as 97 grams of unreacted hydrogen gas. Hydrogen gas has been assumed to be lost to the surrounding air 
whereas hydrogen chloride has been modeled as an emission to the ocean.  
Different tubular reactors may be used to carry out this reaction. As an example, a hypothetical 45 
cm long stainless steel tubular reactor of 1 cm inner diameter and 1.4 cm outer diameter has been modeled 
for this analysis as suggested by the patent. The density of stainless steel is 8000 kg/m3. The mass of the 
reactor, calculated using its volume and density, is 0.27 kg. The temperature of the reactor was raised from 
298 K to 848 K. The energy associated with this rise in temperature can be calculated using: 
 𝐸 = 𝑚𝑐ΔΘ (2) 
where E is the energy absorbed to raise the temperature, c is specific heat capacity of and ΔΘ is the 
temperature rise associated with the energy absorbed. Specific heat capacity of stainless steel is 0.590 kJ/kg. 
The energy consumed to raise the temperature to 848 K from 298 K and maintain it at the same level for 
172 hours has been calculated to be approximately 13537 kJ. It should be noted that 172 hours is the time 
taken to produce exactly 1 kg of vinylidene fluoride based on a residence time of 10 seconds. Thus, the 
energy input required throughout this process can be approximated to be 14000 kJ per kilogram of 
vinylidene fluoride produced. Taking into consideration that most industrial reactors work at a maximum 
efficiency of around 60%, the total value can be assumed to be approximately 20 MJ. By including the 
energy required for pre-heating the reactants, a total of approximately 30 MJ can be assumed for the entire 
process of pyrolysis. 
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Vinylidene fluoride (VF2) may be polymerized using several different methods with emulsion 
polymerization being the standard industrial technique [49]. This is because it helps produce PVDF with a 
particularly high molecular weight. Another method published by Natta et al. suggests radical 
polymerization without emulsion of VF2 using an oxygenated alkyl borane compound as initiator at 25 
Celsius and at marginally higher pressure than the atmosphere [50]. It helps produce PVDF with minimal 
tail-to-tail defects and with a high molecular weight. In this analysis, vinylidene fluoride produced via both 
routes has been subjected to these two polymerization techniques in the SimaPro® environment. The results 
would then indicate the preferable technique between the two from an environmental perspective.    
Emulsion polymerization takes place at a pressure of around 20 atm while the temperature is 
between 54 oC to 100 oC in the presence of a fluorosurfactant/water emulsion. Once vinylidene fluoride gas 
is introduced to the reactor, there is a need for constant stirring and persistent heating for several hours. 
When polymerized, the PVDF produced remains in a dispersion in the water/surfactant solution. This 
dispersion is dried by providing heat. This is a highly energy intensive step. When it dries, separation and 
purification processes are carried out to obtain PVDF. Emulsion polymerization of vinylidene fluoride is 
not listed as a separate process in the SimaPro® inventory. The process, however, is also used for 
polymerization of vinyl fluoride and exists as such in the inventory. It has been assumed that the energy 
requirements for polymerization of vinylidene fluoride are similar to those of vinyl fluoride and relevant 
data has been copied from the inventory of vinyl fluoride produced via emulsion polymerization. A total of 
51.447 MJ of heat energy is assumed to have been consumed during the heating and drying processes. 
Further purification, distillation and circulation of dispersion is assumed to consume 5 kWh of medium 
voltage electricity. Transportation of the vinylidene fluoride produced has also been added to the inventory.  
Organometallic polymerization is done by passing VF2 through oxygenated tri-isobutyl borane. 
Energy input for this step is minimal as the polymerization takes place without the need for any special 
temperature and pressure conditions, although, a pressure of about 2 atm may be suitable since VF2 is in a 
gaseous state and increasing the pressure may increase the rate of reaction. The exact ratio of VF2 to alkyl 
borane for ideal polymerization could not be found in literature. Therefore, a ratio of 10:1 has been assumed 
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between VF2 and alkyl borane. As tri-isobutyl borane was unavailable in the inventory, it has been replaced 
by trimethyl borane in the analysis. This implies that 100 grams of trimethyl borane is used to for each 
kilogram of PVDF produced. A total electrical energy input of 1 kWh has been assumed for creating 
pressure, circulation of reactants, and distillation/purification of the final products.  
The source of heat energy required for pre-heating and pyrolysis has been assumed to be an 
industrial mix of natural gas. The energy required for mixing and electrospinning the solution has been 
modelled as an industrial electrical input in the US. The electrical energy consumed while spinning has 
been determined by attaching a WattsUp Pro meter to a Harvard PHD2000 syringe pump available in the 
laboratory. It is understood that the purpose is to simply assess the extent of the role played by the 
electrospinning process since a different pump with multiple syringe heads might consume a significantly 
different amount of energy.   
 After building the process inventory and identifying the key inputs and emissions, the collected 
data needs to be entered into SimaPro®. The issue which arises at this point is that 1, 2-dichloro-1, 1-
difluoroethane is not available as a material input in the current ecoinvent® database. However, there exist 
two options to take the analysis forward from this point onwards. The first option is to find a material in 
the available inventory that is chemically similar to R-132b and thus, has a similar environmental impact. 
This was difficult to do as there is only one other HCFC available in the current ecoinvent® database which 
is chlorodifluoroethane (R-22) and has been phased out since the Montreal Protocol. The second option is 
to build the process for the production of this material similar to what is being done for vinylidene fluoride. 
This is a tedious task but is a necessity in the current situation since the process is critically dependent on 
R-132b.  
 R-132b is an HCFC that can be synthesized via several pathways which involve replacing chlorine 
atoms with fluorine in organochlorides such as 1, 1, 1-trichlorethane and trichloroethylene. 1, 1, 1-
trichloroethane has traditionally been a more favorable choice to manufacture R-132b but recent discoveries 
about its harmful effects have discouraged its use in manufacturing industrial products. In the current study, 
literature supporting the production of this refrigerant through trichloroethylene has been used [51]. The 
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inputs required to produce R-132b are anhydrous hydrogen fluoride and trichloroethylene. Both chemicals 
are heated together at around 200 Celsius. The outputs consists of a variety of HFCs and HCFs. To make 
the reaction biased in favor of 1, 2-dichloro-1, 1-difluoroethane, the ratio of hydrogen fluoride to 
trichloroethylene should preferably be close to 2:1. Small quantities of a wide variety of HFCs and HCFs 
may accompany the product which can later be removed via distillation.  The exact power consumed during 
distillation process was not found in literature. Thus, a value of 1 kWh has been assumed. The inventory 
for the production of R-132b is summed up in the table below. 
Table 4 - LCI to produce 1 kg R-132b 
Material Input Mass (kg) 
Trichloroethylene 1 
Hydrogen fluoride 0.5 
Water 0.1 
Non-material Input Energy (MJ) 
Energy (Heating) 2.5 
Energy(Distillation)  0.98 
Air Emissions Mode and Mass (kg) 
Ethane, 1,2-dichloro-1,1-difluoro-, HCFC-132b 0.005  
Hydrogen fluoride 0.005 
Water Emissions Mass (kg) 
Ethane, 1,2-dichloro-1,1-difluoro-, HCFC-132b 0.05 
Hydrogen fluoride 0.005 
 
 
3.3.2.2. Route2: Synthesis of PVDF via R-142b 
 The second route of manufacturing PVDF starts with decomposing 1-chloro-1, 1-difluoroethane 
(R142b) refrigerant at 800 Celsius to produce vinylidene fluoride with a loss of anhydrous hydrogen 
chloride. Again, this refrigerant is not available in the current ecoinvent® materials database and has to be 
modeled in a way similar to what was done for R-132b. According to literature, R-142b has historically 
been manufactured using by first converting acetylene to 1, 1-difluoroethane using hydrogen fluoride and 
then reacting 1, 1-difluoroethane with chlorine in the presence of catalysts and UV light while being at a 
low temperature [52]. 1, 1 Difluoroethane is available in the ecoinvent® database. The inventory to produce 
1 kg of R-142b is summed up in the table below. 
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Table 5 - LCI to produce 1 kg of R-142b 
Material Input Mass (kg) 
1,1-Difluoroethane, HFC-152a 0.727 
Chlorine 0.813 
Ice 10 
Non-material Input Energy (MJ) 
Cooling 2 
Distillation  2.5 
Air Emissions Mass (kg) 
Ethane, 1,1-dichloro-1-fluoro-, HCFC-141b 0.005  
Ethane, 1,1,1-trifluoro-, HFC-143a 0.008 
Ethane, 1,1,1-trichloro-, HCFC-140 0.000656 
Hydrogen chloride 0.001 
Water Emissions Mass 
Ethane, 1,1-dichloro-1-fluoro-, HCFC-141b 0.00135 
Ethane, 1,1,1-trifluoro-, HFC-143a 0.008 
Ethane, 1,1,1-trichloro-, HCFC-140 0.000656 
Hydrogen chloride 0.1 
Ethane, 1,1-difluoro-, HFC-152a 0.145 
  
 To produce vinylidene fluoride using R-142b, the preferable temperature for pyrolysis is between 
800 Celsius to a 1000 Celsius which is significantly greater than the temperature required for the pyrolysis 
of R-132b. Therefore, the heat energy required inn this case is assumed to be twice the amount of heat 
required for the pyrolysis of R-132b. Once vinylidene fluoride has been acquired, the process to produce 
PVDF nanofibers essentially remains the same as in route 1.  
 Another important thing to consider at this point is that although the analysis uses PVDF of two 
largely different molecular weights, the difference has not been considered while compiling the inventory 
since literature does not make clear distinction in terms of processing conditions required to manufacture 
each.   
Both routes to produce polyvinylidene fluoride are summarized in the table below. 
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Table 6 - Summary of LCI for producing PVDF via R-132b and R-142b 
1st Route (132b) 2nd Route (142b) 
Material Input Mass (kg) Material Input Mass (kg) 
1,2-dichloro-1,1-difluoroethane 2.170 1-chloro-1,1-difluoroethane 1 
Hydrogen 0.130 Zinc Catalyst Recoverred 
Methyl perfluoroisopropyl ether 0.5 Methyl perfluoroisopropyl ether 0.5 
Surfactant/Initiator 0.1 Surfactant/Initiator 0.1 
---------------------------------------- ------------- ---------------------------- -------------- 
Non-material Input Energy 
(MJ) 
Non-material Input Energy 
(MJ) 
Pyrolysis 30 Pyrolysis 40 
E(Emulsion Polymerization) 60 E(Emulsion Polymerization) 60 
E (Organometallic Polymerization) 12 E (Organometallic Polymerization) 12 
Air Emissions Quantity Air Emissions Quantity 
Hydrogen chloride 0.01 Hydrogen chloride 0.011 kg 
Hydrogen 0.084 Heat, waste 20 MJ 
Ethane, 1,2-dichloro-1,1-difluoro 0.003 Ethane, 1-chloro-1,1-difluoro- 0.05 kg 
Heat, waste 24 Heat, waste 17.149 
Hydrogen chloride 0.5   
Water Emissions Quantity Water Emissions Quantity 
Hydrogen chloride 0.5 Hydrogen chloride 0.05 
 
 
3.3.2.3. Inventory for Electrospun PVDF Nanofibers 
The composition of the solution that is finally made to be electrospun and the energy consumption 
during solution preparation and electrospinning have already been discussed before. As stated earlier, two 
different solutions made using PVDF of two different molecular weights were chosen for this analysis.  
The inventory for both solutions is summarized in the tables below. 
Table 7 - Inventory to produce PVDF nanofibers with a molecular weight of 180, 000 
Material Input Mass (kg) 
Polyvinylidene fluoride (PVDF) 1 
Acetone 0.981 
Dimethylformamide 4.682 
Non-material Input Energy (kWh) 
Energy (Heating during mixing) 1.125 
Energy(During electrospinning) 1186.5 
Air Emissions Mode and Mass (kg) 
Acetone 0.981 
Dimethylformamide 4.682 
-------------------------------------------------------------
- 
------------------------------------------------------------
-- 
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Table 8 - Inventory to produce PVDF nanofibers with a molecular weight of 530, 000 
Material Input Mass (kg) 
Polyvinylidene fluoride (PVDF) 1 
Acetone 2.227 
Dimethylformamide 2.657 
Non-material Input Energy (kWh) 
Energy (Heating during mixing) 1.125 
Energy(During electrospinning) 107.8 
Air Emissions Mode and Mass (kg) 
Acetone 2.227 
Dimethylformamide 2.657 
 
 
3.3.3. Life Cycle Impact Assessment 
There are several different methods available in SimaPro® through which the environmental 
impact of a product or a process may be assessed. The impacts that are desired to be assessed may vary 
depending on the type of the process, product or service and its desired use. Several different standards and 
methods have been crafted based on the needs and local legislation of various regions such as Europe, North 
America etc. The most widely used method in the world is the Eco-indicator99 which employs a damage-
oriented approach to environmental assessment. It is important to note two salient features of Eco-
indicator99. The first feature that is relevant to this discussion is that the Eco-indicator99 caters to ore 
degradation that is linked to all production processes. Secondly, it allows the user to reduce the entire 
environmental assessment to a single score. Although this practice has been discouraged by the ISO14040, 
it sometimes provides a simpler picture to the companies to compare their products or industrial processes 
and aids internal decision making. However, since this study is based in the US, it is preferable to use a 
North American standard. There are two North American standards that may be used; BEES and TRACI2. 
BEES, which stands for Building for Environmental and Economic Stability, is a standard developed by 
National Institute of Standards and Technology (NIST). TRACI, which is an acronym for Tool for the 
Reduction of and Assessment of Chemical and other environmental Impacts, is the standard developed and 
endorsed by the Environmental Protection Agency (EPA) and uses a midpoint approach to LCA especially 
tailored to suit the needs of the US. Since the standard set by the EPA holds more value from an industrial 
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point of view, this study has used TRACI2 to gauge the environmental impact. A second comparison using 
the Cumulative Exergy Demand method is also presented for core material inputs such as the refrigerants 
and the PVDF produced to aid the decision making process. 
The results are in order of the events leading to the manufacturing of PVDF nanofibers. The first 
comparison, shown in Figures (8) and (9), is between the two basic raw materials used to manufacture VF2, 
R-132b and R-142b. Figure (8) shows the TRACI2 comparison whereas Figure (9) depicts the minimum 
amount of exergy required in order to produce 1 kg of each refrigerant.  
 
 
Figure 8 – R-132b and R-142b compared via TRACI2 
 
 
 
 
Figure 9 - Cumulative Exergy Demand comparison between R-132b and R-142b 
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 This is followed by the production of VF2. Both refrigerants undergo pyrolysis; R-132b in the 
presence of hydrogen whereas R-142b in air tight/helium conditions. The comparison of VF2 produced by 
either method is as shown in Figure (10): 
 
 
Figure 10 – Comparison of vinylidene fluoride prepared via pyrolysis of R-132 and R-142b via TRACI2 
 
 
 VF2 obtained via pyrolysis of R-132b and R-142b can be made to undergo two different forms of 
radical polymerization; emulsion polymerization and organomettalic polymerization without emulsion.  
 There are two primary differences between these two different types of radical polymerization. The 
first difference is the state in which the polymerization process takes place. For emulsion polymerization, 
the process takes place in a liquid medium comprising of water and a fluorosurfactant under a high pressure 
and temperature. On the other hand, the organpmetallic polymerization process takes place without a liquid 
medium using an organometallic initiator. Vinylidene fluoride gas is passed through the oxygenated 
initiator at a low temperature and pressure, causing polymerization to occur.  Both polymerization 
techniques are used in the industry to produce polymers with high molecular weight with emulsion 
polymerization being the more popular choice. This is primarily because it is considered a much faster 
process than its counterpart. Neither of these processes was available for polyvinylidene fluoride in the 
ecoinvent® database. However, vinyl fluoride, a compound that is polymerized in a similar way to produce 
polyvinyl fluoride is available and was used to import relevant data for the emulsion polymerization 
process.  
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 Figures (11) and (12) depict a comparison between organometallic polymerization without 
emulsion and emulsion polymerization for VF2 produced by R-132b and R-142b, respectively.    
 
 
Figure 11 – A comparison of PVDF produced by emulsion polymerization and radical polymerization 
without emulsion of VF2 produced by R-132b via TRACI2 
 
 
 
Figure 12 - Comparative assessment of PVDF produced by emulsion and radical polymerization without 
emulsion of VF2 produced by R-142b via TRACI2 
 
PVDF solutions are then prepared by adding Acetone and Dimethylformamide to PVDF powder 
or pellets. The details of the solutions including composition and physical attributes have been discussed 
earlier. A comparison of the environmental impact of electrospinning high viscosity (high molecular) 
solutions vs low viscosity (low molecular) solutions is given below. The solutions have been assumed to 
be prepared by R-132b route. 
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Figure 13 – An impact assessment depicting a comparison of low molecular weight solution and high 
molecular weight solution conducted via TRACI2. 
 
3.3.4. Interpretation of Results 
 The goal of the analysis was to compare two dissimilar routes to produce polyvinylidene fluoride 
nanofibers and locate the processes and materials that take the greatest toll on the environment. By using 
this information, an environment friendly route to synthesize PVDF nanofibers can be identified which can 
later be improved using an exergy analysis.  
 To start off, it can be observed from Figure (8) that the global warming and ozone depletion 
potentials of R-142b are higher than those of R-132b. In fact, 23.1 kg of CO2 is released into the atmosphere 
for each kg of R-142b produced as opposed to R-132b whose production only emits 2.71 kg of CO2 per 
kilogram. This number coincides with the Global Warming Potential (GWP) for each of the refrigerants; 
R-142b stands at around 2000 whereas the GWP (100 years) of R-132b has been estimated to be much 
lower. Ozone depletion potential for R-142b is also slightly higher than that of R-132b with each standing 
at 0.055 and 0.008-0.05, respectively. These numbers also reinforce the findings of the analysis. The major 
contributors to a higher GWP for R-142b are its principal raw material 1, 2-difluoroethane and the small 
amount of various HCFCs which are produced and released into the environment during its manufacturing 
process. Ecotoxicity is another impact category of prime importance. It represents the harm a process may 
cause to the ecosystems in general due to release of chemical and physical stressors into the environment. 
It’s an impact of far reaching consequences since it affects not only the entire life on earth but generally 
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obstructs the interaction between the living and the non-living fragments of the environment. R-142b has a 
much higher potential for harming the ecosystems and consequently, tallies strongly against its use and 
production.  
 It should, however, be noted that acidification potential impact, respiratory effects impact and 
carcinogenic impact of H-132b are higher. At this point, it becomes difficult to make a choice between the 
two materials. From the perspective of the author of this thesis, global warming and ozone depletion 
potential accumulate and build up over the entire supply chain whereas the release of carcinogens and acidic 
substances into the environment is often the result of particular chemical processes. Thus, it can be argued 
that since the release of CO2 and ozone depleting substances into the atmosphere is more difficult to contain, 
it would be wiser to choose the material that has a lesser global warming and ozone depletion impact while 
making an attempt to contain the release of carcinogens and acidic materials at the same time. It is also 
noteworthy that the cumulative exergy demand of R-132b is much lower than that of R-142b in most 
categories as shown in Figure (9). Thus, the TRACI2 analysis in conjunction with the cumulative exergy 
demand helps to conclude that R-132b is a safer refrigerant to produce and use than R-142b and thus, should 
be the preferred raw material for the production of vinylidene fluoride.  
 Both R-142b and R-132b undergo pyrolysis under dissimilar conditions to produce vinylidene 
fluoride. These conditions have been discussed earlier. Both reactions have a high selectivity and 
conversion rate. The major difference, however, lies in the energy consumption since the ideal temperature 
for pyrolysis of R-142b is nearly twice the temperature required for the pyrolysis of R-132b. The waste 
stream is almost similar i.e. hydrogen chloride except that unreacted hydrogen passes through to the waste 
stream in the pyrolysis of R-132b. Thus, the choice of refrigerant will naturally dictate the choice of the 
conditions used for pyrolysis.  
 Next step is the polymerization of vinylidene fluoride. Two different methods of polymerization 
have been compared for R-132b and R-142b via TRACI2 in Figures (10) and (11), respectively. It is readily 
observable that the impact is higher for emulsion polymerization for all categories. The difference, although 
not large, is critical while making the choice between the two methods. The organometallic polymerization 
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process can take place at room temperature with marginally higher pressures without creating an emulsion. 
Thus, the preferred polymerization method according to the results is radical polymerization without 
emulsion through organometallic initiators.  
 Once PVDF is produced, its solutions are prepared by the addition of industrial solvents such as 
DMF and Acetone by using methods discussed before. There were two different solutions chosen for 
conducting this analysis. Figure (13) shows a comparison between the spinning solutions of high molecular 
weight and low molecular weight. These solutions have been assumed to be prepared with PVDF produced 
by R-132b with emulsion polymerization. It can be observed that all indicators point towards low molecular 
solutions as having a higher environmental impact. This is only due to the fact that low molecular weight 
solutions generally form less viscous solutions as compared to high molecular weight solutions provided 
the weight percent of PVDF in the solution remains the same. There are slight differences in the solution 
characteristics in terms of the amount of solvents consumed. Every difference withstanding, 1 kilogram of 
low molecular solution contributes more to the environmental impact than high molecular weight solutions 
according to this analysis; the reason being much higher electrical energy consumption during 
electrospinning.  
 To conclude, the preferred route for producing polyvinylidene fluoride nanofibers is via pyrolysis 
of R-132b followed by radical polymerization of VF2 without emulsion to produce PVDF. From this point 
onwards, the route is entirely functionality dependent. If a particular application demands the use of 
nanofibers with smaller average diameters, low molecular weight solutions are preferred. Fibers of larger 
diameter are a feature of high molecular weight solutions which can be produced at a greater infusion rate. 
 It is also important to identify the worst case scenario and draw a comparison between the best and 
the worst case scenarios in SimaPro® to be able to make a concrete statement about the significance of 
path. The worst case scenario can be identified as synthesis of vinylidene fluoride through R-142b, followed 
by emulsion polymerization.  
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Figure 14 – Best case(red) vs worst case(green) scenarios comparison vis TRACI2   
 
 
 
 
Figure 15 - Cumulative Exergy Demand for best case (green) vs worst case (red) scenarios 
  
 It can be readily seen from the figures above that the worst case scenario has a much greater global 
warming and ozone depletion potential than the best case scenario. However, most of the other impact 
categories are almost the same. In such a case, the Cumulative Exergy Demand analysis of the principal 
raw material, that is PVDF, can help in clarifying the picture. It shows that the exergy demand for the worst 
case is indeed much higher than the best case except for the non-renewable minerals resource category 
where the major difference is due to the use of trichloroethylene in the production of R-132b. 
Trichloroethylene and hydrogen fluoride both depend on the mineral deposits of Fluorspar for production. 
Therefore, there is a difference of approximately 0.6 MJ/kg of mineral resource depletion between the two 
routes. This difference however, is negligible when compared to the other categories which are heavily in 
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favor of the best case scenario which is producing PVDF using pyrolysis of R-132b and radical 
polymerization without emulsion.  
 
3.4. Exergy Analysis 
 The route proposed in the last section was then subjected to an exergy analysis for further 
improvement. The process starts with the pyrolysis of R-132b to produce vinylidene fluoride followed by 
its polymerization initiated through organometallic alkyl borate. The PVDF that is produced is then 
dissolved in acetone and DMF for electrospinning.  
As stated before, exergy is defined as the part of energy that is available to do work with respect to 
a given environment. The concept is similar to that of Gibb’s free energy; except that Gibb’s free energy 
indicates the ability to do work at a constant temperature only. On the other hand, exergy can involve 
temperature change, work done and other forms of transitions in the processing conditions.  
There are different forms of exergy which need to be taken into account for analyzing exergy flows. 
Five major forms of exergy are physical, chemical, potential, kinetic and nuclear exergy. Only physical and 
chemical exergy values are of relevance for most practical purposes as most processes are carried out not 
far from the surface of the earth and at a constant or zero velocity. The exergy equations and models used 
in this study are based on the findings of Jan Szargut. [53] 
    
3.4.1. Physical Exergy 
Physical exergy can be defined as the amount of work that can be obtained from a system by taking 
it through reversible physical processes to the temperature and pressure of the environment [53]. The value 
of physical exergy is directly dependent on thermodynamic properties such as specific enthalpy and specific 
entropy. The relation between them at atmospheric conditions can be stated as: 
 𝐸𝑥𝑝ℎ =  ∆𝐻 − 𝑇𝑜(∆𝑆) (3) 
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In many processes, it is either too tiresome or not possible to calculate or estimate the enthalpy and 
entropy of each of the materials in the system due to large variations in processing conditions such as 
pressure and temperature. In such a case, the materials are assumed to have a constant specific heat capacity 
at all temperatures which transforms this expression to: 
 𝐸𝑥𝑝ℎ =  𝐶𝑝,𝑖(𝑇𝑖 − 𝑇𝑜) − 𝐶𝑝,𝑖𝑇𝑜 ln (
𝑇𝑖
𝑇𝑜
) +  𝑇𝑜 𝑅𝑙𝑛 (
𝑝
𝑝𝑜
) (4) 
 
If the process takes place at constant pressure, which is the case for the process under study, the 
pressure term goes to zero and the expression is reduced to: 
 𝐸𝑥𝑝ℎ =  𝐶𝑝,𝑖(𝑇𝑖 − 𝑇𝑜) − 𝐶𝑝,𝑖𝑇𝑜 ln (
𝑇𝑖
𝑇𝑜
) (5) 
 
It is noteworthy at this point that the physical exergy of any material reduces to zero if the material 
itself is at the temperature and pressure of the chosen reference environment. 
 
3.4.2.  Chemical Exergy  
Chemical exergy is deﬁned as the maximum work which can be obtained when a given substance 
is brought to chemical equilibrium with the reference environment at constant temperature and pressure 
[29]. Szargut has provided an extensive methodology to calculate the chemical exergy of any substance. 
According to Szargut himself, the process to calculate the chemical exergy of each of the compound or 
element using this methodology is difficult. So it is sufficient to calculate the chemical exergies of the most 
common elements in the environment and use them to calculate the standard chemical exergies of most 
common compounds. For this purpose the following equation is used: 
 
 𝑏𝑐ℎ =  ∆𝑓𝐺° +  Σ𝑛𝑒𝑙 𝑏°𝑐ℎ𝑒𝑙 (6) 
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Here ∆𝑓𝐺 represents the Gibbs free energy of formation of a compound, 𝑛𝑒𝑙 represents the mole 
fraction of each element in the compound and 𝑏°𝑐ℎ𝑒𝑙 is the standard chemical exergy of that element. Once 
you have the standard chemical exergy, the total chemical exergy can be calculate using this expression: 
 𝐸𝑥𝑐ℎ,𝑖 = 𝑒𝑖𝑚𝑖 (7) 
At times, the Gibbs free energy of formation for a particular compound may not be available. In 
such a scenario, it is often convenient to use the Group Contributions Method proposed by Szargut to 
calculate the chemical exergy [28]. The individual chemical exergies for a wide variety of different 
chemical bonds and groups involving various elements have been presented and can be used to calculate 
the standard chemical exergy for most substances.  
 
3.4.3. Exergy of Mixtures 
According to Ayres, for an ideal mixture of gases, the physical exergy can be expressed as the sum 
of the physical exergies of the individual gases. Since the process is taking place at atmospheric pressure, 
the following expression can be used to calculate the specific physical exergy of each of the gases: 
 𝐸𝑥𝑝ℎ =  𝐶𝑝,𝑖(𝑇𝑖 − 𝑇𝑜) − 𝐶𝑝,𝑖𝑇𝑜 ln (
𝑇𝑖
𝑇𝑜
) (8) 
 
Chemical exergy of a mixture of gases can be written as: 
 𝐸𝑥𝑐ℎ =  Σ (𝑥𝑒𝑥𝑐ℎ + 𝑥𝑅𝑇𝑜 ln
𝑥
Σx
) (9) 
 
In this equation, x represents the number of moles of each component in the mixture, exch is the 
standard chemical exergy of the substance, R is the ideal gas constant and T0 is the environment temperature 
i.e 298o K. The second term in this equation represents the exergy of mixing. This term would always be 
negative which implies that mixing reduces the chemical exergy of the individual substances. 
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3.4.4. Exergy of Work 
 Work input may be provided through different sources. The most common inputs include electrical 
and thermal inputs. Electrical energy represents the highest quality of work and is fully translated into 
exergy. This implies that 100 kJ of electrical energy would represent 100kJ of exergy input. Work done by 
heat can be converted to exergy using the following equation: 
 𝐵𝑄,𝑖𝑛/𝑜𝑢𝑡 = (1 −
𝑇𝑜
𝑇
) 𝑄𝑖𝑛/𝑜𝑢𝑡 (10) 
 
 In this equation, Q represents heat energy. For the current analysis, since the exact heat transfer is 
unknown due to a lack of information about the reactor and reaction conditions, exergy of heat has been 
directly introduced into the equations with appropriate adjustments for efficiencies.   
 
3.4.5. Exergy Balance and Efficiency 
 All manufacturing systems have both material and non-material inputs like energy and raw 
materials, and outputs such as finished products and heat waste. An exergy balance can be created to 
characterize and accumulate work, heat and material streams entering and leaving a manufacturing system 
as follows: 
 𝐵𝑖𝑛 +  𝐵𝑊,𝑖𝑛 + 𝐵𝑄,𝑖𝑛 =  𝐵𝑜𝑢𝑡 + 𝐵𝑊,𝑜𝑢𝑡 +  𝐵𝑄,𝑜𝑢𝑡 +  𝐵𝑙𝑜𝑠𝑠 (11) 
 
 Based on equation (11), a quantity to measure the exergetic efficiency of a process may be defined 
which is essentially the second law efficiency. This is called degree of perfection and may be defined 
mathematically as: 
 𝜂𝑝 =
𝐵𝑢𝑠𝑒𝑓𝑢𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠
𝐵𝑖𝑛 +  𝐵𝑊,𝑖𝑛 + 𝐵𝑄,𝑖𝑛
 (12) 
 Since the degree of perfection considers all material and non-material streams, it makes it possible 
to equate different types of manufacturing processes that may be used to manufacture polyvinylidene 
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fluoride nanofibers [5]. However, in this study, degree of perfection would be used to measure the exergetic 
efficiencies of all manufacturing processes leading to the production of PVDF nanofibers.  
 
3.5. Exergy Analysis of Electrospinning Polyvinylidene Fluoride Nanofibers 
The goal of the analysis is to measure the exergetic efficiency of all manufacturing processes 
leading to the production of PVDF nanofibers as per the synthesis route forged through the SimaPro® 
analysis. This exergy analysis is inherently gate-to-gate in nature; starting from the synthesis of vinylidene 
fluoride and culminating with the production of PVDF nanofibers through electrospinning. There would be 
three major production processes included in this boundary. The first process would be the synthesis of 
vinylidene fluoride (VF2), second would be the polymerization of PVDF, and third would be the process of 
electrospinning through which nanofibers are obtained. Each process has been analyzed separately and the 
degree of perfection has been calculated for each stream within. The entire analysis has been done on mass 
basis and thus, the functional unit is set as 1 kg of PVDF nanofibers. For this entire system, the flows can 
be modelled in the form of material and non-material streams. To examine and improve the process at the 
lowest level, each stream is further broken down into sub streams and subsequent irreversibility is 
calculated.   
 
3.5.1. Step 1: Synthesis of Vinylidene Fluoride through Pyrolysis of R-132b 
The principal raw materials utilized in this process are hydrogen gas and the common refrigerant, 
1, 2-dichloro-2, 2-difluoroethane which is also referred to as R-132b. These gases are heated together to a 
temperature between 400 Celsius and 800 Celsius in the absence of oxygen which causes thermochemical 
decomposition of the refrigerant and produces vinylidene fluoride. Hydrogen chloride gas is also produced 
as a by-product. For each mole of VF2 produced, 2 moles of hydrogen chloride are also released. The 
governing chemical equation for the process is: 
 𝐶2𝐻2𝐶𝑙2𝐹2 + 𝐻2 =  𝐶2𝐻2𝐹2 + 2𝐻𝐶𝑙 (848° 𝐾) (13) 
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Although this process is a continuous or a semi-batch process, it is modeled so only to produce one 
kilogram of polyvinylidene fluoride. Assuming ideal polymerization, one kilogram of vinylidene fluoride, 
or VF2, will produce 1 kg of PVDF. A balanced chemical equation reveals that 15.6 moles (1 kg) of C2H2F2 
would theoretically require 15.6 moles of C2H2F2Cl2 and 15.6 moles of hydrogen gas. 31.2 moles of 
hydrochloric acid would also be produced during the process. This is only the theoretical calculation. The 
patent by Arkema states different conditions to produce a higher yield. To get the best results the molar 
ratio between H2 and C2H2F2Cl2 and should be between 2 and 6. The conversion rate of C2H2F2Cl2 with 
respect to VF2 is stated to be 97%. This implies that practically, if a molar ration between hydrogen to R-
132b is chosen to be 4:1, 16 moles of C2H2F2Cl2 and 64 moles of H2 are required to produce one kilogram 
of vinylidene fluoride.  
Pyrolysis reactors usually comprise of three zones. First is the preheating zone in which the 
reactants are brought into contact at a temperature close to that of the reaction. Second zone is the reaction 
zone in which the reactants are at the reaction temperature and are converted to products and by-products 
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Figure 16 – Process flow diagram for the synthesis of vinylidene fluoride 
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and last is the quenching zone in which the stream resulting from the reaction zone is cooled so as to stop 
the pyrolysis reaction. 
Therefore, the process can be modeled as three sub-systems: preheating the reactants, heating in 
the reaction zone and cooling off the product mixture of gases. Exergetic efficiency will be calculated for 
each one of these. It should be noted that ideal heat transfer conditions have been assumed throughout this 
analysis due to lack of availability of relevant data. 
3.5.1.1. Pre-heating 
Input gases H2 and C2H2F2Cl2 (R-132b) are mixed in a chamber and preheated to 698 K. The 
material inputs for this step are 64.33 moles of hydrogen and 16.08 moles of C2H2F2Cl2. Both gases are at 
the room temperature and pressure when entering the chamber. The total exergy flow of the input materials 
can be calculated by adding the individual chemical and physical exergy of both hydrogen and 1, 2-
dichloro-2, 2-difluoroethane.  
Standard chemical exergy of hydrogen is 236.1 kJ/mol. The total chemical exergy of hydrogen can 
then be calculated using equation (7) to be 15188 kJ. As the hydrogen gas was at RTP at the beginning, its 
physical exergy is zero. The total exergy of hydrogen is thus equal to 15188 kJ. Standard chemical exergy 
of 1, 2-dichloro-2, 2-difluoroethane was calculated to be 1199 kJ/mol using Szargut’s group contribution 
method. By using equation (7) the total chemical exergy of C2H2F2Cl2 will then be equal to 19292 kJ. Again, 
as the gas is at RTP, the physical exergy would be equal to zero.  
Temperature in the pre-heating zone is close to the reaction temperature. The reaction temperature 
for this analysis is chosen to be 848o K. Thus, the temperature for the pre-heating zone can be assumed to 
be 773 K and the temperature of the gases after being pre-heated is assumed to be 698 K. This is a difference 
of nearly 400 K from the room temperature. For now, a value of 10 MJ of heat energy per kg of vinylidene 
fluoride produced is assumed using comparable processes in SimaPro®.  
The total exergy input for this stream can then be summed as Ex (H2) + Ex (C2H2F2Cl2) + Ex 
(boiler) = 15188 kJ + 19292 kJ + 10000 kJ = 44480 kJ.  
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Once the gases are mixed in the chamber, they have to be modelled as an ideal mixture of gases 
since the exact enthalpy and entropy data for C2H2F2Cl2 for higher temperatures is not available.  
The useful output for this stream consists of a mixture of hydrogen (H2) and 1, 2-dichloro-2, 2-
difluoroethane gases. The exit temperature of both gases in the mixture is 698 K. The reference temperature 
or T0 is taken to be 298 K. The specific heat capacity of hydrogen at 298 K is 0.029 kJ/(mol.K). So the 
specific physical exergy calculated through equation (5) is 4.186 kJ/mol. As the total number of moles of 
hydrogen gas are 64.33, the total physical exergy of hydrogen would be approximately 269 kJ. Similarly, 
the specific heat of C2H2F2Cl2 at room temperature was not readily available in thermodynamic tables and 
was estimated using a modified version of Kopp’s Rule to be 0.188 kJ/(mol.K) ) [54].  Thus, the specific 
physical exergy can be calculated using equation (5) to be 27.47 kJ/mol. As the total number of moles of 
C2H2F2Cl2 gas are 16, the total physical exergy would be 441 kJ. 
The total number of moles of both gases present in the mixture is 80 while individually, 16 moles 
and 64 moles of 1, 2-dichloro-2, 2-difluoroethane and hydrogen are present in the mixture, respectively. 
The chemical exergy of this mixture can be calculated by using equation (9) as 34381 kJ. 
Now by using the total exergy inputs and outputs for the first stream, the irreversibility of this step 
can be calculated. Irreversibility represents the exergy destroyed while undergoing this process. For this 
stream, the total exergy of inputs is 44480 kJ, the total exergy of the output mixture is 35092 kJ and the 
total Irreversibility = 9388 kJ.  
Table 9 - Pre-heating R-132b and Hydrogen 
Total Ex. Input (kJ) Total Ex. Output (kJ) Irreversibility (kJ) Ex. Efficiency % 
44480 35092 9388 78.89 
 
 
3.5.1.2. Heated Reaction Zone 
The second step is the pyrolysis of C2H2F2Cl2 at 848 K in the presence of hydrogen. The reaction is 
carried out in a tubular reactor which is heated to the stated temperature and the pre-heated mixture of gases 
is passed through it. The residence time can be between 4 and 15 seconds and is inversely proportional to 
the temperature of the reactor. Usually the reactor is made of stainless steel and has a small diameter of 
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around 1 to 2 cm while being half a meter in length. A temperature of 848 K has been assumed for this 
analysis.  
The input to the reaction zone is a mixture of hydrogen and 1, 2-dichloro-2, 2-difluoroethane with 
a molar ratio of 4:1. The chemical and physical exergies of the said mixture have already been calculated 
to be 34381 kJ and 711 kJ respectively. The mixture is at a temperature of 698 K. The total exergy for the 
mixture has been calculated to be 35092 kJ in the previous stream. 
 The energy consumed to raise the temperature to 848 K from 298 K and maintain it at the same 
level for 172 hours has been approximated to be 20 MJ kJ in section 3.3.2.1. The total input exergy including 
the exergy of the mixture and the exergy consumed during heating would then be 55092 kJ. 
During pyrolysis, each mole of C2H2F2Cl2 breaks in favor of one mole of C2H2F2 at a loss of 2 moles 
of HCl. 75% of the hydrogen gas used as input also accompanies the product gases. This implies that the 
output mixture consists of a total of 31.23 moles of HCl, 15.62 moles of vinylidene fluoride and 48.25 
moles of unreacted hydrogen. The unreacted hydrogen and the hydrochloric acid are treated as waste 
streams for the process as the patent document does not make any statements about hydrogen recovery or 
any collection of HCl produced during the process as a by-product.  
The temperature of the output gases has been assumed to be the same as that of the reactor i.e. 848 
K. The total exergy of the output stream is the sum of the individual physical and chemical exergies of 
unreacted hydrogen, hydrogen chloride and vinylidene fluoride gases minus the exergy of mixing. Again, 
due to the unavailability of entropy and enthalpy data, the specific heat capacities of all gases have been 
assumed to be constant at all temperatures. Exergy values for the gases in the mixture have been calculated 
below. 
First output for the process is hydrogen chloride (HCl). Specific heat capacity of hydrogen chloride 
gas at 848o K is assumed to be the same as room temperature i.e 0.029 kJ/mol. By using the equation (5), 
the specific physical exergy of HCl can be calculated to be 6.913kJ/mol. For 31.23 moles, the total physical 
exergy can thus be calculated to 215 kJ.  The standard chemical exergy of hydrochloric acid is 84.6 kJ/mol. 
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The total chemical exergy by equation (7) would then be 2642 kJ. Hence, the total exergy of the HCl gas is 
2858 kJ. 
Second output for this process is vinylidene fluoride (VF2). Specific heat capacity of vinylidene 
fluoride at room temperature is 0.060 kJ/mol. By using the equation (5), the specific physical exergy of VF2 
can be calculated to be 14.30 kJ. The total physical exergy for 15.62 moles can thus be calculated to be 223 
kJ. The standard chemical exergy of vinylidene fluoride gas calculated using the group contribution method 
is 1278.14 kJ/mol. The total chemical exergy by equation (7) would then be 19959 kJ. The total exergy of 
the vinylidene fluoride gas can be calculated as 20183 kJ.  
Third output is hydrogen gas (H2). Specific heat capacity of hydrogen gas at room temperature is 
0.0288 kJ/mol. 48.253 moles remain unreacted during the pyrolysis process and are part of the output 
stream. By using the equation (5), the specific physical exergy of Hydrogen can be calculated to be 6.47 
kJ. The total physical exergy can thus be calculated as 312 kJ. The standard chemical exergy of hydrogen 
gas is 236.1 kJ/mol. The total chemical exergy by equation (7) would then be 11393 kJ. The total exergy 
of the hydrogen gas can be calculated as 11705 kJ. 
Now as it’s a gaseous mixture, the exergy of mixing is ought to be subtracted from the chemical 
exergy values. The exergy of mixing can be calculated to be 182 kJ using equation (9). The total chemical 
exergy of the individual gases is 33994 kJ. Thus, the chemical exergy of the mixture can be easily calculated 
to be 33812 kJ. The total exergy including the chemical and physical exergy of the gaseous mixture would 
then be 34564 kJ. The stream is summed up in the table below. 
Table 10 - Heated reaction zone 
Total Ex. Input (kJ) Total Ex. Output (kJ) Irreversibility (kJ) Ex. Efficiency % 
55092 34564 14064 62.7 
 
 
3.5.1.3. Cooling/Quenching Zone 
The gaseous mixture that exits the heated reaction zone consists of three gases; unreacted hydrogen, 
hydrogen chloride and vinylidene fluoride.  As stated before, unreacted hydrogen and hydrogen chloride 
are not considered as useful byproducts because no mention of any recovery system for these gases has 
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been made in the patent claim. This mixture of gases is cooled and then separated by distillation. As the 
exact system for distillation has not been mentioned, a steady state industrial fractional distillation system 
has been assumed with a total exergy input of 0.98 kWh or 3.5 MJ per kg of VF2 produced. This value is 
based on the exergy input required for separation of 1 kg of vinyl fluoride through distillation. As the gases 
are brought back to the temperature of the environment, physical exergy of the gases is lost. Thus, the total 
exergy of the output gases can be represented by their individual chemical exergies.  
Gaseous mixture of vinylidene fluoride, hydrochloric acid and hydrogen gas along with 3.5 MJ of 
electrical exergy is the input for this stream. Thus, the total exergy for the input mixture is 38065 kJ.  
 Gaseous hydrogen, hydrogen chloride and vinylidene fluoride are the outputs for this stream. The 
gases lose their physical exergy and gain the exergy of mixing as they are cooled and separated. The waste 
stream comprises of gaseous hydrogen and hydrogen chloride which has a total chemical exergy of 14035 
kJ. The total useful output exergy of the stream would then be the chemical exergyof vinylidene fluoride 
gases i.e. 19960 kJ.   
Table 11 - Cooling off the gaseous mixture 
Total Ex. Input (kJ) Total Ex. Output (kJ) Irreversibility (kJ) Ex. Efficiency % 
38065 19960 18105 52.43 
 
 
 
3.5.2. Step 2: Polymerization of Vinylidene Fluoride 
Vinylidene fluoride gas is polymerized at room temperature by passing through oxygenated 
Triisobutyl borane. This reaction takes place at room temperature and thus involves no change in physical 
exergy. The only irreversibility that occurs is completely due to the loss of chemical exergy when vinylidene 
fluoride changes from vinylidene fluoride to polyvinylidene fluoride. The amount of tri-isobutyl borane 
used to polymerize a single kilogram of PVDF is not mentioned in the literature explicitly. Therefore, a 
ratio of 10:1 is assumed for this study, setting the total amount of Tri-isobutyl borane required to be 100 
grams. This represents very little chemical exergy and thus has been ignore for this analysis.  
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Input for this stream is 15.616 moles of vinylidene fluoride gas. The gas is passed through 
oxygenated Tri-isobutyl borane at room temperature for radical polymerization. Tri-isobutyl borane acts as 
an organometallic initiator. The chemical exergy of vinylidene gas is 19959.434 kJ. Triisobutyl borate acts 
as a catalyst and is recovered at the end so its chemical exergy is not required as an input while calculating 
irreversibility.  
The output for this stream is 1 kg of polyvinylidene fluoride (PVDF) which has a chemical exergy 
of 18492.188 kJ. This has been calculated using Szargut’s group contribution method.  
Table 12 - Exergy consumption during radical polymerization without emulsion of vinylidene fluoride 
Total Ex. Input (kJ) Total Ex. Output (kJ) Irreversibility (kJ) Ex. Efficiency % 
19959.434 18492.188 1467.246 92.649 
 
 
3.5.3. Step 3: Electrospinning of Polyvinylidene Fluoride Solutions 
 The final step towards acquiring polyvinylidene nanofibers is preparing the solution and 
electrospinning it using a syringe pump. As explained earlier, this is a critical step as the nature of fibers 
produced is heavily dependent on it. Therefore, to make this step meaningful from design perspective, 
extensive experimentation was done to find the right parameters that produce the fibers with the best 
metrics.  
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Figure 17 – Process flow diagram for polymerization of vinylidene fluoride 
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3.5.3.1. Solution Preparation 
 Polyvinylidene fluoride solution is prepared for electrospinning using Acetone and 
Dimethylformamide as solvents. As mentioned earlier, various processing parameters were used and the 
fibers produced were characterized using Scanning Electron Microscope among other characterization 
methods. Two different types of solutions were chosen; first was low molecular weight solution which 
produced good quality fibers with a small fiber diameter while the other solution was made using high 
molecular weight PVDF and produced fibers of relatively bigger fiber diameter. Other differences between 
the solutions has also been explained earlier. Both solutions, although chemically similar, will mold the 
analysis in a different way. Other differences and various properties of the solutions have been discussed 
earlier. 
 
 
 
 
 
 
 
 
                                                              B
Q
 
 
 
 
 In order to produce 1 kg of PVDF nanofibers using solution 1, the principal material inputs consist 
of 1 kg of low molecular polyvinylidene fluoride (180,000), 4.96 litres of DMF and 1.24 litres of Acetone. 
The densities of Dimethylformamide and Acetone are 944.00 kg/m3 and 791.00 kg/m3 respectively. The 
required masses can thus be calculated as 4.682 kg of DMF and 0.981 kg of Acetone. The standard chemical 
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Figure 18 – Process flow diagram for electrospinning of PVDF solutions 
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exergies of PVDF, Acetone and DMF are 18492.188 kJ/kg, 30793.378 kJ/kg and 27847.72 kJ/kg 
respectively. The total chemical exergy for the input stream would then be (1*18492.188) + 
(4.682*27847.72) + (0.981*30793.378) ≈ 179083 kJ. The physical exergy of the materials would be zero 
as the materials are at room temperature and pressure.  
To produce fibers with larger diameter using solution 2, the inputs would consist of 1 kg PVDF 
with high molecular weight (530,000), 2.657 kg of DMF and 2.227 kg of Acetone. The chemical exergy 
would then be equal to (18492.188) + (2.657*27847.72) + (2.227*30793.378) ≈ 161054 kJ.  
 To acquire homogeneity of the solution, it is heated over the hotplate at 100o Celsius for two hours. 
Each gram of PVDF has been assumed to be heated separately.  The total work input in the form of electrical 
exergy required to heat 1 kg of PVDF solution has been measured to be 1.125 kWh or 4050 kJ.  
   Thus, the total input exergy for Solution 1 and Solution 2 is 183133 kJ and 165103 kJ, 
respectively.  
 Output for this stream is the solution ready to be electrospun. The total exergy of the solution is 
only the chemical exergy of the solution itself. Since the exergy of mixing is very minimal in comparison 
to the total chemical exergy of the components, it can be ignored. The total exergy of the output solution 
would thus be 179083 kJ and 161053 kJ for low molecular and high molecular weight solutions, 
respectively.  
Table 13 - PVDF solution preparation 
Total Ex. Input (kJ) Mol. Weight Total Ex. Output 
(kJ) 
Irreversibility (kJ) Ex. Efficiency % 
183133 180,000 179083 4050 97.78 
165104 530,000 161054 4050 97.55 
 
3.5.3.2. Electrospinning of PVDF Nanofibers 
Electrospinning of the prepared solutions is the final step towards acquiring polyvinylidene fluoride 
nanofibers. The useful output of this stream is PVDF nanofibers. The process was assumed to be a 100 
percent mass efficient implying that the mass of the fibers is exactly equal to the mass of the PVDF pumped 
through the syringe. This is largely because the collection of fibers largely depends on the nature of the 
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collector and in a proper industrial scenario, there would be no reason to have any loss of mass during the 
process. The solvents in the solution are assumed to be completely lost to the environment during the 
process through evaporation.  
 The power consumed by each solution in kWh to produce 1 kg of nanofibers using low molecular 
weight and high molecular weight has already been calculated to be 107.8 kWh and 1186.5 kWh, 
respectively. This is summed up in the table below. 
Table 14 - PVDF solution electrospinning 
Total Ex. Input (kJ) Mol. Weight Total Ex. Output (kJ) Irreversibility (kJ) Ex. Efficiency % 
4289892 180,000 18492 4271400 0.43 
564283 530,000 18492 545791 3.2 
 
 
 Total exergy of one 1 kg of PVDF fibers produced would be equal to 1 kg of PVDF i.e. 18492.188 
kJ. This exergy can be used to calculate the degree of perfection and the exergetic efficiency for the entire 
process.  
 
3.5.4. Results of Exergy Analysis 
 Degree of perfection for each process included in the selected boundary has been calculated. Before 
discussing the results, it is necessary to indicate the difference between exergy consumption and exergy 
leakage. Exergy that is consumed due to the process in terms of an energy input to produce useful products 
is called exergy consumption while the exergy of the waste stream, both in terms of material and heat loss, 
is called exergy leakage. For the given process, the highest exergy ‘leakage’ of approximately 150 MJ is 
due to the loss of solvents to the environment during the process of electrospinning. The highest exergy 
consumption is due to the process of electrospinning itself as can be observed readily from Figure (14).  
 It is tricky to put meaning behind the numbers resulting from efficiency analyses since the 
thresholds of performance are often subjective. It is hard to agree on a number to indicate a process as 
efficient.  The efficiency is often, therefore, linked to the value of the product itself or to an obvious room 
for improvement.   
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 For an exergy analysis, it has been suggested that a degree of perfection below 0.2 might indicate 
a dire need for improvement. This is equal to an exergetic efficiency of 20%. By this standard, most 
processes and sub-processes in this analysis can be considered efficient. It must, however, be indicated 
where the greatest room for improvement lies. Attempts should be made to recycle the unreacted hydrogen 
that is considered a part of the waste stream after pyrolysis. Similarly, hydrogen chloride is also considered 
a part of the waste stream and its recovery could result in an increase in the degree of perfection for the 
stream.  
 The exergetic efficiency for the process of electrospinning is very low due to the consumption of 
electrical energy during the process. This is also a major area with a room for improvement.  
  
  
59 
 
 
 
 
 
 
CHAPTER 4: ANALYSIS AND DISCUSSION 
 
4.1. Summary 
An exergy analysis in conjunction with a conventional LCA of the process of electrospinning for 
the production of polyvinylidene nanofibers has been presented. It has been suggested hereby, as a 
methodology, to precede an exergy analysis by a conventional life cycle assessment and to use the results 
in conjunction to forge the best route possible to manufacture the desired product.   
It is important to divide this discussion into two objective sections. The first section shall discuss 
the results of the analyses in the light of the motivation and hypotheses for conducting this research. The 
second section will discuss how this study contributes to sustainability of nanomanufacturing processes in 
general. 
 
4.2. Motivation, Objectives and Results 
 It is often hard to gauge the sustainability issues associated with nanotechnology due to a lack of 
inventory data for conventional tools, large process-to-process variation and scarcity of information about 
the toxicity of nanomaterials. This not only makes sustainability assessments hard to conduct, but also casts 
considerable doubt on the reliability of the results since major assumptions often have to be made while 
conducting such assessments. The crux of the strategy to solving these issues is to devise a multipronged 
assessment method that serves three basic goals, a) to make sure that the production of the 
nanomaterial/nanoproduct takes place in the most environment friendly way, b) to provide insight into the 
thermodynamic inefficiencies of the production processes involved, and c) to verify the results of the 
assessment. Since no single indicator or method can capture all these aspects, it is imperative to create 
hybrid sustainability assessment techniques by blending different existing methodologies.
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An exergo-environmental life cycle assessment was planned to ascertain the sustainability of the 
production of polyvinylidene fluoride nanofibers. A newer method of preceding an exergy analysis by a 
SimaPro® life cycle assessment has been employed since each analysis has its own strengths and 
weaknesses. Exergy analysis does not have the capability to indicate toxicity whereas a SimaPro® analysis 
is weak at locating inefficiencies at the process level. It is desired that the route taken to produce PVDF is 
both environment friendly and efficient.  
It is often seen in practice that the route taken to acquire the raw materials to produce nanomaterials 
is ignored. Polyvinylidene fluoride, for instance, can be manufactured via different pathways. For 
experimental purposes, PVDF of different molecular weights was acquired from Sigma Aldrich. While 
calculating the Gibbs free energy of PVDF, Sigma Aldrich were contacted to inquire about the chemical 
pathway used to produce PVDF. Surprisingly, it was found that Sigma Aldrich had no information about 
the process route taken to produce it as they had acquired it from a foreign manufacturer. Literature suggests 
that there could more than one pathway to produce PVDF; some of which might be more harmful to the 
environment than the others since each pathway utilizes a different HCFC with a different environmental 
impact. Since the environmental impact of nanomaterials is already high, it is particularly important to 
check for the best case production scenarios. The best case / worst case scenario can be developed and 
compared using a combination of SimaPro® and exergy analysis, and the extent of the role played by the 
processing of raw materials on the sustainability of nanomanufacturing process may be quantified.  
SimaPro® analysis indicates, using a test case of PVDF that the route taken to produce PVDF does 
have an effect on the net environmental impact of the nanofibers produced. A comparison of the best case 
scenario versus the worst case scenario in Figure (14 ) reveals a marked difference between the global 
warming and ozone depletion potentials between the two routes. For each kg of PVDF nanofibers produced 
via the best case scenario, 101 kg of CO2 and 0.0008 kg of CFC is released into the atmosphere. The worst 
case scenario would release more than 200 kg of CO2 and approximately 0.005 kg of CFC into the 
atmosphere. 
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An environmental assessment conducted on carbon nanofibers had earlier revealed that a marked 
difference in the impact could exist in cases where different raw materials were used to produce the same 
nanomaterial[6]. The study concluded that it was better to produce carbon nanofibers through ethylene 
rather than methane. This study takes the investigation further and points out the difference it could make 
to use a raw material produced through different processing pathways to manufacture a nanomaterial. 
   
4.3. General Discussion 
The greatest contribution to the environmental impact for the SimaPro® analysis has been found 
to be due to the consumption of electrical energy during electrospinning. The results of the exergy analysis 
are in agreement with this finding of the SimaPro® process contribution analysis. The exergetic efficiency 
for the electrospinning process is particularly low with efficiencies of both high molecular and low 
molecular weight solutions to be less than 5% as can be seen in Table (14).  It should, however, be 
highlighted what the contribution may mean from a practical point of view. The energy and exergy 
consumption during electrospinning is high and overshadows various other aspects of the analysis, but it 
should be noted that the functional unit for this analysis was 1 kg of PVDF nanofibers. The common 
applications of PVDF nanofiber membranes, such as pressure sensors, transducers, small scale energy 
scavenging devices and filters are usually a few grams in mass. Most polyvinylidene fluoride nanofiber 
membranes produced in the lab weighed less than half a gram in weight after nearly an hour of spinning. 
Moreover, the syringe pump used for conducting the experiments essentially used only one nozzle. 
Employing multiple nozzle jets with a better collector mechanism may make the energy use more efficient. 
This effectively points out and reinforces the impact of the lack of reliability of the results due to large 
process-to-process variation in nanomanufacturing. A different experimental setup, if available, that utilizes 
a more efficient deposition approach may lead to significantly different set of results as compared to this 
study.  
This phenomenon of slow production rates being responsible for high exergy demand is generally 
true for nanomaterials. In 2010, it was shown by Gutowski et al. that it was indeed the biggest concern for 
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single walled carbon nanotubes (SWNT) [5]. It was, however, also stated that the degree of perfection of 
SWNT produced by the HiPco process has decreased considerably due to the process improvement; both 
by increase in the maximum production rate and by reduction in material consumption. It was hypothesized 
that the exergy requirements will keep decreasing further with time concluding that conducting 
thermodynamic assessments of evolving technologies is similar to pinning a moving target.  
A comparison of electrospinning low molecular weight PVDF solutions versus high molecular 
weight solutions is shown in Figure (12). The environmental impact of spinning low molecular weight 
solutions in all categories except ozone depletion is roughly five times the impact of high molecular weight 
solutions; the reason being the difference in the maximum possible infusion rate. Interestingly, the 
difference in the average diameter of the two fiber membranes is also represented by the same factor. This 
observation is in agreement with the findings of Bakhshi et al. regarding TiO2 nanoparticles where the 
impact, especially the embodied energy was shown to increase as the size of the particles decreased[10].  
It has been stated before that since nanofiber membranes do not require post manufacturing poling 
processes to induce piezoelectric characteristics, they hold the potential to effectively replace thin films in 
piezoelectric applications. However, with the high energy input required to produce nanofiber membranes 
with a small average fiber diameter, the question arises if nanofiber membranes are an appropriate 
replacement for thin films in certain applications. A comparative LCA of PVDF nanofiber membranes and 
thin films should be conducted with an appropriate functional unit based on functionality to decide if such 
replacements are feasible. 
However, it should also be pointed out that the relationship between fiber diameter and molecular 
weight is uncertain. The only certainty is that the lower viscosity solutions are harder to spin at higher 
infusion rates without being prone to fiber defects. It is difficult to say if a low molecular weight solution 
with a greater viscosity would still produce fibers of a small diameter.    
Even if the deposition process is made more efficient, the loss of the solvent poses an environmental 
hazard, thus making it a matter of greater concern. As Figure (17) indicates, the SimaPro® analysis shows 
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that the second greatest impact on the environment (GWP) after the consumption of electricity is the 
complete loss of DMF solvent to the surroundings during electrospinning.  
 
 
Figure 19 – Carbon footprint contribution network for the production of 1 kg of high molecular weight 
PVDF nanofibers through R-132b 
 
 This also provides an excellent opportunity to point out how the same impact may hold a different 
meaning for the SimaPro® and the exergy analyses. Both SimaPro® analysis and the exergy analysis are 
in agreement that the second greatest impact, be it environmental or from an efficiency standpoint, occurs 
due to the complete loss of solvent to the environment. SimaPro® analysis considers it a threat due to the 
chemical nature of the solvents and their potential for environmental harm while exergy analysis considers 
it as a major inefficiency causing an unnecessary resource leakage through the waste stream. Therefore, 
both techniques suggest that dealing with this problem is critical to the sustainability of the process.   
 There could potentially be four ways the environmental impact of the solvent emissions could be 
reduced. The first method is to integrate a solvent recovery system with the electrospinning equipment. 
Such systems, although becoming more common in other industrial applications, have not been reported to 
be used for the electrospinning process. There is also an energy consumption factor associated with the use 
of sophisticated solvent recovery systems. A comparison of the impacts of solvent emission versus solvent 
recovery systems would therefore be needed to determine the feasibility of their use. A second method is 
to eliminate the use of solvents completely by using melt spinning techniques. This involves heating the 
polymer to its melting temperature and keeping it heated while spinning it to produce fibers. This 
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completely cuts the solvent emissions, albeit, consuming a great deal of energy while doing so. This method 
may be suitable for electrospinning of polymers with lower melting points but since PVDF melts at around 
a 177o Celsius, it is a rather energy intensive alternative. The third option is to replace DMF or Acetone 
with greener solvents. An attempt to replace acetone with ethyl acetate and d-limonene was made in the 
laboratory but did not result in acceptable fibers due to differences in solubility. The production of the green 
solvent, as well as its chemical composition, should be demonstrated with empirical evidence in support of 
its “environmental friendliness”.  
 The fourth way to reduce emissions is to reduce the amount of solvent used. A systematic attempt 
was made to quantify the minimum volume of solvent used to produce PVDF nanofibers. Fibers were 
produced with a minimum of 2ml of DMF and 4ml of Acetone per gram of PVDF. When the volume of 
Acetone was further reduced, no fibers could be produced by electrospinning the solution. Further 
investigations into solvent reduction during electrospinning should be the focus of a comprehensive 
experimental methodology since it remains the most practical route of reducing solvent emissions.  
 A company’s or a country’s environmental policies and priorities may play a significant role in the 
interpretation of the results of an environmental assessment. There is a possibility of each 
individual/company/country associating a different value to a certain environmental impact depending on 
what is considered important or is regulated. For instance, in this study, while comparing R-132b with R-
142b as shown in Figure (8), the highest importance was given to the global warming, ozone depletion and 
ecotoxicity potentials. The slight difference in carcinogenic index was dismissed as not being important, 
since the release of carcinogens into the environment is easier to control than carbon dioxide, CFCs and 
other chemical and physical stressors whose release has far-reaching consequences. Such occurrences in 
the results can be argued both ways. For example, if the production plant was assumed to be situated near 
a highly populated area, it would have become harder to play down the carcinogenic impact while giving 
more importance to other impacts.  
There are two major reasons for using an exergy analysis besides a SimaPro® analysis. The first 
reason is that the exergetic degree of perfection provides a much better insight into the industrial processes 
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than simple energy efficiencies. The efficiency of heating processes is calculated using direct methods in 
SimaPro® which relies on relating the heat value of the fuel burnt to the temperature rise of what is being 
heated. These direct methods do not relate the type of the product to the efficiency of the boiler or the heat 
transfer process. For example, it makes no distinction between heating 1 kg of water versus 1 kg of chlorine 
as long as the same amount of energy is consumed. Unlike this, the exergy analysis would take into account 
the standard chemical exergy of the product to provide an all-inclusive picture of the process.  
Secondly, exergy analysis puts more meaning behind the waste stream by attaching a physical value 
to it. For example, during the pyrolysis process, the hydrogen chloride and unreacted hydrogen are assumed 
to have been wasted and released into the atmosphere. Now hydrogen released into atmosphere is virtually 
non-toxic so its release into the environment as an emission will have a minimal effect on the results of a 
TRACI2 analysis. On the other hand, it can be readily seen from Table (11) that the loss of waste stream 
consisting of hydrogen and hydrogen chloride has considerably affected the degree of perfection for that 
particular stream. This indicates clearly, that to increase the efficiency of the process, the exergy value 
associated with the waste stream must be reduced to a minimum. Same is true for hydrogen chloride. 
Technically, the waste stream comprises of both physical and chemical exergy. Physical exergy 
waste consists of heat loss to the environment whereas chemical exergy waste is the total chemical exergy 
of the chemicals in the waste stream. Ayers suggests that low temperature heat is hardly harmful to the 
environment, and the major focus should be to reduce the chemical exergy leakage from any system[17]. 
He further argues that the exergy of chemical waste provides a direct measure of the environmental impact 
of any process. Physical exergy loss is however very useful from an economic standpoint.  
There can be another dimension added to the chemical waste stream especially for the production 
of nanomaterials. As stated before, toxicity of nanomaterials is currently a big issue. In such a scenario, it 
would be very helpful to minimize the ‘area of concern’ with regard to toxicity. So, by reducing the waste 
stream to zero, the entire focus could then be shifted to the potential harm that the product itself may cause. 
This would not eliminate the harm but could potentially provide an opportunity to reduce it by eradicating 
the concern for unregulated hazardous wastes. 
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Thus, a greater degree of perfection and zero exergy for the waste stream are the two key aspects 
towards making any given process more sustainable from an environmental as well as an economic 
perspective [55]. 
Moving on, a holistic objective of this study was to try and inculcate the feedback of the 
environmental and exergetic evaluation into the engineering design process. Corporate sector is often 
reluctant in giving a major role to the environmental assessments in production related decision making 
since there is often a gap between intuitive business strategies and the recommendations of environmental 
assessments. This is primarily because environmental sustainability testing is often an ‘end of the pipe’ 
practice which is done once the process design has been finalized for production. Ideally, both engineering 
process design and environmental impact assessment should go hand in hand with environmental impact 
playing a role in decision making at every step. The method proposed in this study is based on the 
suggestions of Bakhshi et al [10] and provides an approach to bridge the gap between LCA practices and 
process design. For example, decision-making on environmental basis is done throughout the process, 
assigning it a fundamental role in the design process. Exergy analysis is then used to point out the major 
inefficiencies which are relevant both from an economic and sustainability point of view.  The only 
shortcoming in this regard is the lack of an economic approach which can help strengthen the choices made 
on environmental assessment.  
The emissions and other impacts quantified during the assessment could not be gauged against any 
set standards since both EPA and European standards state allowable emissions per annual production. 
Since the annual production rates of PVDF nanofibers were not readily available due to being a relatively 
new material with a growing base, only total cumulative exergy demand for the production of 1 kg of 
several different materials has been compared. The values for basic materials such as Aluminum and Steel 
were calculated using the Cumulative Exergy Demand Method in SimaPro®. The best case and worst case 
scenarios for the production of PVDF nanofibers have both been compared. The worst case scenario is for 
producing fibers with a diameter of around a 100 nm whereas the best case scenario is modeled for the 
production of larger average fiber diameter. The value for the minimum exergy requirements for the 
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production of single walled carbon nanotubes was taken from the study conducted by Gutowski et al [5]. 
Interestingly, the minimum exergy requirement for the production was greater than the minimum exergy 
requirement for the production of PVDF nanofibers through the best processing route.  
 
 
  Figure 20 - Comparison of per unit mass exergy requirement of several materials. 
 
  
 It is not the purpose of this study to suggest exergy analysis as an alternative to an environmental 
assessment; but merely to investigate how the two may complement each other while pointing out the 
deficiencies of each. The bottom line of the study is that in an industrial environment, an in-depth exergy 
analysis may not be necessary for internal decision making since inefficiencies and waste streams are often 
recognizable through intuition and systems thinking. However, as the industrial system in general adopts 
sustainability as an approach, an increasing number of regulations and frameworks are being incorporated 
into the modern industrial model. To build frameworks and set standards, as well as to gauge performance 
against them, exergy analysis in conjunction with an environmental assessment is an excellent tool. 
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CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS 
 
 
 A thorough improvement analysis for the production of polyvinylidene fluoride nanofibers has 
been presented through the application of environmental and thermodynamic techniques. A genuine, 
unprecedented study has been presented to point out and quantify the environmental impacts associated 
with the process of electrospinning polymeric nanofibers. An exergy analysis for the production of 
polyvinylidene nanofibers is also done to locate the areas with the greatest exergy losses and suggest 
improvements.  
 SimaPro® 7.2.4 was used extensively to run two different types of analysis. A cradle-to-gate life 
cycle assessment is done to compare the production of polyvinylidene fluoride nanofibers through different 
routes. An attempt to draw links between the findings of exergy analysis and environmental assessment has 
also been made.  
 
5.1. Limitations 
 There is a dearth of thermodynamic data for a number of chemicals used in this analysis. The 
specific heat capacity values of R-132b and R-142b were not available and were assumed to be a constant 
for all temperatures. Similarly, Gibbs free energy of formation values, ∆G, for R-132b/R-142b, 
Dimethylformamide, vinylidene fluoride and polyvinylidene fluoride were not available. For this reason, 
their standard chemical exergies were approximated using Szargut’s group contribution method.  
 Polyvinylidene fluoride and vinylidene fluoride were not available in the ecoinvent® database. 
Processing data for these materials was collected from literature and entered into SimaPro®. The data 
available through literature is rarely complete from an industrial point of view. The gaps were filled using 
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appropriate assumptions that were based on available and similar ecoinvent® processes. The effects of 
these assumptions on the results are unclear. 
 The process of radical polymerization without emulsion was not available in the ecoinvent® 
database. Thus, appropriate assumptions about energy consumptions had to be made by observing the 
polymerization data in ecoinvent® for some other polymers. Exact thermal efficiencies of the boilers or 
reactors used in the pyrolysis process were also not available. An efficiency value of 60% has been assumed 
based on what is available from literature. 
 
5.2.  Conclusions 
 There are two aspects that should be taken into consideration while assessing environmental 
sustainability of nanotechnology. First, it has been shown hereby that it is necessary to increase the scope 
of a life cycle analysis to include the processing of raw materials in order to develop a holistic view of the 
sustainability of nanomanufacturing processes. Second, it is absolutely necessary to develop and integrate 
a method for providing environmental assessment feedback to improve and develop the nanomanufacturing 
processes while they are still in the development phase. This method of feedback, merged with 
thermodynamic techniques, can help carve out more efficient and sustainable processes. 
 Exergy analysis suggests that the most meaningful exergy loss occurs due to the irrecoverable loss 
of solvents to the environment during the process of electrospinning. This is the first study of its type to 
quantify the thermodynamic inefficiency of losing the solvent to the environment for the process of 
electrospinning. Literature categorizes the electrospinning process as being energy efficient while the 
results of this study show otherwise. This study is also the first study of its type that characterizes the 
environmental impact of the electrospinning process to produce polymeric fibers at a larger scale. It has 
been shown that when used at the industrial scale, the consumption of electrical energy could possibly cause 
the largest environmental impact. Since the processes are already exergy intensive, reducing exergy leakage 
wherever possible is critical to the development of sustainable nanotechnology products. 
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It is found that the minimum exergy requirements to produce fibers with a smaller diameter are 
much greater than the exergy requirements to produce fibers with a larger diameter. This observation relates 
to the findings of Bhakshi et al. who pointed out that the minimum exergy requirement for the production 
of titanium dioxide nanoparticles increased as the particle size was decreased [10]. It is unclear, however, 
if this methodology is applicable across the nanomaterials spectrum. The viscosity of any given solution 
has also been found to be in direct relation with the average fiber diameter.  
It can be derived from the previous conclusion that in applications where the fiber diameter is not 
particularly significant, a solution with a greater viscosity and molecular weight should be used for 
producing fibers to lower exergy leakages through faster production rates. 
It can be effectively concluded that the process route to obtain the raw materials for a 
nanomanufacturing process plays a significant role in the environmental performance of the system. Thus, 
by the inclusion of the immediate raw materials an exergy analysis can be made more meaningful.  
 
5.3. Recommendations 
1) Due to its sharply growing demand, the production process of PVDF should be studied thoroughly 
for process improvement based on reducing by-products and recycling wastes. Such studies have 
been carried out for PVC with significant success [56].  
2) Solvent recovery systems for the electrospinning process must be developed and assessed for 
feasibility.  
3) The concept of ‘green’ solvents should be further explored based on empirical evidence.  
4) Attempts should be made to reduce the exergy of the waste stream to zero throughout the process 
especially during the process of pyrolysis, and to develop a strategic model to link ecotoxicity to 
the chemical exergy of the waste stream. 
5) A more suitable set of parameters for spinning low molecular solutions at a faster spinning rate 
should be developed so the production rate of the nanofibers can be increased. This is critical to the 
prospects of industrial upscaling of the process.  
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6) An economic approach should be integrated with the exergo-environmental assessment method to 
allow for better decision making in business oriented industrial models.  
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